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INTRODUCTION  AND  SUMMARY 
R.  P.  Shreeve  (Chairman) 


The  concept  of  a  "wave  engine",  or  of  the  use  of  a  "wave  rotor"  component 
in  an  engine,  is  often  unknown  even  to  engineers  who  are  both  active  and 
expert  in  the  technology  of  conventional  engines.  The  first  reaction  of  a  gas 
turbine  engineer  is  probably  that  the  wave  rotor  is  a  "partial  admission" 
device.  This  is  true.  However,  more  importantly,  it  is  also  a  self-cooling 
device.  The  rotor  has  simple,  straight  passages  in  which  one  gas  compresses 
another  by  wave  propagation  and  the  gas  flow  both  into  and  out  of  the 
stationary  ports  is,  in  principle,  steady. 

The  earliest  mention  of  such  concepts  was  in  the  first  decade  of  this 
century.  Before  the  conventional  gas  turbine  became  successful,  wave  engines 
were  examined  with  comparable  expectations.  They  are  reexamined  now  for  two 
compelling  reasons.  First,  the  performance  of  conventional  gas  turbine 
engines  is  inherently  constrained  to  the  maximum  cycle  temperature  which 
steady  state  operation  of  the  turbine  will  allow.  This  constraint  especially 
depresses  the  performance  of  small  and  medium-sized  engines  wherein  it  becomes 
difficult  to  design  efficient  and  effectively-cooled  turbomachinery.  Second, 
in  contrast  to  what  was  available  when  the  gas  turbine  engine  was  first 
developed,  computer-numerical  methods  for  the  construction  of  wave  processes 
and  analysis  of  unsteady  flow  processes  can  now  be  developed  in  a  useful  way. 

Certain  individuals  have  enthusiastically  advocated  the  development  of 
wave  engines  for  many  years.  Others  have  'found*  wave  engines  only  recently. 
Since  1969,  the  General  Power  Corporation  in  the  U.S.  has  attempted  the 
development  of  a  prototype  engine.  Also,  a  research  and  exploratory 
experimental  program  was  carried  out  by  Mathematical  Sciences  Northwest  (now 
Spectra  Technology  Inc.). 

At  intervals,  different  agencies  of  the  U.  S.  Government  have  been 
approached  for  support  for  wave  engine  development  programs.  The  interest  of 
DARPA  (Defense  Advanced  Research  Projects  Agency)  was  first  expressed  in  1981. 
A  Navy-sponsored  program  to  develop  an  understanding  of  wave-rotor  science  and 
technology  was  Initiated  at  the  Naval  Postgraduate  School  in  1982,  and  the 
present  workshop  is  an  outgrowth  of  the  Utter  program. 

—  - - ■  V  /  f  i  r‘.  y  ....  S  7#  i  j 

The  announced  purpose  of  the -workshop  was  to  bring  together  an 
International  group  who  are,  or  who  have  been,  involved  In  research  studies  or 
applications  of  gas-gas,  or  gas-shaft,  energy  exchange  through  wave 
propagation  in  rotor  passages.  It  is  intended  that  the  workshop  serve  to 
define  Che  current  levels  of  understanding,  capability  and  interest  in  the 
field,  and  to  provide  the  input  necessary  for  an  assessment  of  the  prospects 
for  the  useful  exploitation  of  wave  rotors  in  gas  turbine  engines,  - 

The  2-day  meeting  had  a  total  of  63  participants  with  representation  from 
industry,  universities  and  government  agencies.  Participation  from  abroad 
included  Hrown-Boveri  (BBC)  Ltd.,  Rolls-Royce  Ltd.,  Cambridge  University  and 
University  of  Calgary.  The  program  was  organized  into  sessions  dealing  with 
pressure  exchangers,  wave  engines  and  research  and  applications  studies.  The 
total  volume  of  information  transmitted  was  surprisingly  large.  A 
comprehensive  review  has  not  yet  heen  possible.  The  following  paragraphs 
give  only  a  general  outline  of  the  proceedings  and  some  of  the  highlights. 
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The  keynote  speaker,  Professor  Arthur  Kantrowitz  emphasized  two  main 
points;  first,  that  travelling  waves  are  inherently  more  effective  in 
increasing  gas  pressure  at  a  given  Mach  number  than  are  steady  state 
processes;  second,  that  the  key  problem  of  leakage  between  stator  and  rotor 
can  be  readily  overcome  by  using  active  clearance  control. 

In  the  first  session  Professor  John  Kentfield  gave  an  introduction  to  the 
wave-rotor  concept  and  to  various  types  of  wave  energy  exchangers,  and 
reviewed  the  early  work  done  in  England  at  Power  Jets  (R&D)  Ltd,  (Additional 
comments  on  the  Power  Jets  work  were  contributed  by  Professor  D,  B.  Spalding 
of  Imperial  College  and  are  given  in  Appendix  A),  A  thorough  presentation  of 
the  Brown-Boveri  (BBC)  Comprex  as  an  engine  supercharger,  its  origins  and 
present  commercial  success,  was  made  by  Professor  Max  Berchtold.  Dr.  L. 
Matthews  then  described  the  current  BBC  research  and  development  program. 
Specifically,  an  experimental  rig  has  been  built  and  is  operating  in  which 
laser  aneraometry  is  used  to  investigate  the  accuracy  of  computational 
descriptions  of  the  unsteady  flows.  Finally,  the  analytical  and  experimental 
work  to  demonstrate  an  efficient  gas  pressure  exchanger  was  described  by  Dr. 

W.  J.  Thayer.  A  direct  energy  transfer  efficiency  of  80-85%  is  projected  to 
be  possible  based  on  this  experience. 

Four  wave-engine  development  programs  were  presented  in  the  second 
session.  First,  Professor  Ron  Pearson  of  the  University  of  Bath  described 
what  was  probably  the  first  successful  wave  engine.  After  first  building  a 
very  small  engine  (which  was  exhibited  and  which  resembled  a  small  sewing 
machine  in  size  and  shape),  he  designed  and  built  for  Ruston-Hornsby  a  machine 
which  operated  successfully  prior  to  1960  when  first  switched  on.  The  engine 
produced  35  Horsepower  and  operated  over  a  6:1  speed  range.  This  pioneering 
effort  was  not  published  at  the  time  but  was  in  fact  a  clear  demonstration  of 
the  feasibility  and  potential  of  wave  engines.  Feasibility  is  not  an  issue; 
how  best  to  exploit  the  concept  in  an  engine  and  what  levels  of  performance 
are  attainable,  are  the  questions  that  must  be  addressed.  Dr.  Atul  Mathur 
followed  Prof.  Pearson  with  an  account  of  a  five  year  wave  engine  development 
program  carried  out  by  the  General  Electric  Company.  This  very  thorough 
program  was  terminated  in  1963  at  the  point  of  success  when  the  company 
decided,  as  a  policy,  to  terminate  all  work  on  small  engines.  Work  at 
Rolls-Royce  tn  Gc.  Britain  in  the  mid  60*8,  to  adapt  the  Comprex  design  to  a 
helicopter  engine  was  described  by  Mr.  R.  R.  Moritz  and  illustrated  by  a 
movie.  Finally,  the  design  and  development  status  of  the  General  Power 
Corporation  engine  was  presented  by  Prof.  H.  E.  Weber  with  comments  by  Prof. 
Max  Berchtold.  (Mr.  Richard  R.  Coleman  was  unable  to  attend) 

In  “Research  and  Applications  Studies”,  the  work  at  the  Naval 
Postgraduate  School  was  presented  in  two  talks.  Dr.  Atul  Mathur  described  a 
Random  Choice  Method  (RCM)  code  for  preliminary  design  of  wave  rotor  cycles 
and  a  wave  turbine  experiment  now  in  progress.  Dr.  Shmuel  Eldelman  showed 
results  obtained  with  a  Godunov-Eu Jer  (ECK)  code  for  the  2D  unsteady  port 
opening  process.  The  latter  work  clearly  demonstrated  the  necessity  for 
either  modeling  or  computing  the  transient  effects  of  port  opening  and 
suggested  that  the  effects  might  be  minimized  by  selecting  the  passage  skewing 
angle  In  correct  relation  to  the  design  wheel  speed.  Results  of  potential 
applications  studies  were  contributed  by  Prof.  D.  G.  Wilson  and  Prof.  N. 
Zubatov.  The  latter  described  Industrial  applications  studied  In  the  U.S.S.R. 
A  comparison  of  the  performance  of  a  wave-turbofan  engine  (derived  from  a 
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study  reported  by  R.  Taussig)  with  that  of  an  as-yet -unproven  concept 
involving  detonattve  combustion,  for  a  10001b  thrust  engine  operating  at  M=.75 
was  presented  by  Dr.  W.  Rostafinski  of  NASA  Lewis  Research  Center.  SFC's 
below  .65  were  projected  for  both  engines. 

The  final  three  presentations  dealt  explicitly  with  the  projected 
benefits  of  incorporating  pressure  exchangers,  or  shaft-work-producing 
wave-energy  exchangers,  in  gas  turbine  engines.  Prof.  Berchtold  first 
presented  the  results  of  studies  based  on  the  incorporation  of  a  Comprex  as  a 
topping  spool  in  both  a  helicopter  and  a  cruise  missile  engine.  An 
improvement  in  thermal  efficiency  from  21  to  26%  with  power  output  increasing 
from  420  to  550  horsepower  was  projected  in  the  first  case,  and  an  SFC  of  .95 
Ib/hr.lb  at  3001b.  thrust  in  the  second.  Potential  improvements  can  be 
expected  to  the  above  figures  as  ceramic  rotors  are  perfected. 

Dr.  Robert  Taussig,  from  recently  published  work,  gave  results  of  studies 
of  small  gas  turbine-wave  engines  which  projected  TSFC  in  the  range  0.68  to 
0.75  lb/hr. lb.  for  engines  in  the  600-1000  lb  thrust  category. 

Finally,  Prof.  Pearson,  after  describing  the  methods  which  he  uses  to 
calculate  performance  and  to  design  for  speed  range  (“half  wave  plateau" 
method),  gave  projections  for  the  performance  of  what  he  terms  a  combined  "GAS 
WAVE  TURBINE-GAS  TURB1NE“(GWT-Gr)  engine  in  which  the  GWT  (with  shaft  work 
output),  rather  than  the  pure  pressure  exchanger  considered  in  the  two 
previous  talks,  is  incorporated  as  a  topping  unit  in  the  gas  turbine  cycle. 
Prof,  Pearson's  calculations  showed  that  a  10cm.  diameter  rotor,  operating  as 
a  naturally-aspirated  unit  could  output  17KW  of  shaft  power  with  a  thermal 
efficieny  of  AO'S,  in  a  small  by-pass  jet  engine  application  (6001b.  thrust  at 
M-.65),  an  SFC  of  .71  to  .73  lb/hr. lb  was  predicted  to  be  achievable. 

While  the  stimulus  for  holding  the  workshop  had  been  to  define  the 
potential  for  flight  applications  uf  wave  rotors.  Prof.  Pearson  concluded  his 
presentation  by  showing  potentially  important  applications  of  the  GWT-CT  to 
coal  .gasification  and  to  combined  cycle  electrical  power  generation,  In  each 
case,  the  GWT,  in  principle,  overcame  a  limitation  in  present  schemes. 

The  discussion  following  the  sessions  provided  opportunity  for  comment, 
statements  of  opinion  and  recommendations.  It  is  noted  that  the  discussion 
took  place  based  on  what  had  been  heard  and  retained,  and  without  access  to 
the  written  material  contained  in  the  present  volume.  Speakers  generally 
conceded  that  a  proven  potential  exists,  and  comments  dealt  with  what  needed 
to  be  done  now.  The  recommendation  was  made  to  pursue  first,  only  applications 
in  which  the  wave  rotor  offered  distinct  benefits  over  existing  technology. 
Engine  company  representatives  were  clearly  interested  in  the  predictions  of 
improved  SFC's,  but  wanted  data  from  tests  in  order  to  perform  their  own 
assessment  of  what  they  could  do  with  current  technology.  One  problem  was 
that  companies  do  not  have  engineers  available  at  the  moment  to  assign  to  the 
development  of  higher-risk  technology,  A  very  convincing  case  would  have  to 
be  made. 

Comments  were  made  concerning  the  success  of  Prof.  Pearson's  engine  in 
comparison  with  that  of  the  GPC.  Professor  Pearson's  own  explanation  was  that 
he  had  taken  a  more  conservative  approach,  making  his  mistakes  and  learning  on 
the  first,  very  small  scale  machine,  and  then  designing  the  second  one  for 
speeds  at  which  stresses  would  not  be  constraining.  In  comparison,  the  GPC 
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approach  involved  much  higher  engineering  risks. 

Professor  Pearson  commented  that,  given  the  opportunity,  he  could  build  a 
wave  engine  that  would  be  better  than  the  last  one,  and  that  it  would  work 
first  time  as  predicted.  He  also  added  that  he  had  learned  never  to  persist 
with  a  poor  design,  but  always  to  start  again.  This  could  have  been  a  reason 
for  the  lack  of  success  in  the  Rolls-Royce  program,  which  sought  to  adapt  an 
existing  unit  to  a  quite  different  task. 

A  full  transcription  of  the  discussion  is  given  in  Section  IV*.  In 
closing  the  opinion  was  expressed  that  an  engine  re-demonstration  was  required 
in  order  that  the  development  of  the  technology  could  receive  the  attention 
and  support  that  appear  to  be  warranted. 

Dr.  Kantrowitz  proposed  that  a  committee  be  formed  to  ensure  that  the 
momentum  of  interest  generated  by  the  workshop  be  conserved,  and  that  the 
government  have  access  to  a  panel  to  which  it  can  turn  for  guidance.  The 
Chairman  undertook  to  act  on  this  proposal  and  the  Workshop  was  adjourned. 


*Note:  As  was  announced  in  advance  to  the  participants,  the  discussion  was 
recorded  on  video  tape  and  voice  recorder  for  transcription  into  the 
proceedings.  In  transcribing  the  recording,  minor  changes  have  been 
made  only  in  grammar,  in  order  to  Improve  readability.  The  editors 
hope  that  this  meets  with  the  approval  of  the  participants. 
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MONTEREY  3-26-85 
KEYNOTE 


WAVE  ENGINES 

Arthur  Kantrowitz,  Thayer  School,  Dartmouth  College 

It  has  long  been  suspected  that  compressions  and  expansions  based 
on  wave  processes  can  be  made  MORE  efficient  than  the  corresponding 
steady  flow  processes.  One  basis  for  this  hope  can  be  seen  from  the 
first  slide  (see  Fig.  C,4b),  which  compares  the  pressure  ratio 
necessary  to  stop  a  moving  gas  in  a  steady  process  e.g.  a  perfect 
diffusor  with  that  necessary  to  stop  a  gas,  moving  at  the  same  speed, 
with  a  compression  wave  or  a  shock  wave.  Pressure  ratios  up  to  about 
10  can  be  obtained  with  smaller  gas  velocities  and  thus  hopefully 
with  smaller  friction  losses,  in  unsteady  processes.  Learning  to  use 
waves  to  make  more  efficient  heat  engines  is  therefore  an  important 
opportunity.  It  is  my  opinion  that  central  to  the  achievement  of 
useful  wave  engines  is  the  invention  of  effective  components  which 
would  allow  the  designer  more  lattitude. 

Two  classes  of  wave  engines  have  recieved  significant  attention. 

The  first  is  the  Schmidt  tube  which  propelled  the  WWII  Buzz  bomb. 

This  engine  was  cheap  to  make  but  it  has  never,  as  far  as  I  know, 
achieved  high  efficiency  or  long  life.  In  an  effort  to  address  the 
second  difficulty  it  would  be  useful  to  design  an  efficient  aero¬ 
dynamic  valve  i.e.  a  check  valve  without  moving  parts.  To  deal  with 
this  problem,  I  will  describe  the  Cascade  Diode  (U.  S.  Patent 
*2 ,925,830:  issued  I960). 

The  second  class  of  wave  engines  is  the  wave  rotor  which  is  the 
primary  subject  of  this  workshoo.  One  of  the  important  problems 
with  this  device  has  been  the  leakage  losses  produced  by  clear¬ 
ance  between  rotor  and  stator.  To  control  this  clearance  in  the 
presence  of  high  temperatures  and  thermal  expansions  I  will  describe 
a  thermally  actuated  clearance  control  (U.  S.  Patent  #2,665,058: 
issued  1954). 


Fig  (\M*.  IVr*»Mfc  faint  ohlatiird  when  a  ga*  <*  ••vrWnuit}  t«*  a  veh« ity  u  !»>'  a 
MWpIl  »«W  Tin*  i*  niinpitnl  with  lW  faint  nl  siagnaltftO  tv  »Uin' 
f>r**»»ifw  fat1 1  »t m4)  Him-  fm*erv«  iti  »hi<  h  Ihr  ir,\tiMtH>n  i.«  .t<-t<tnijdidird  utibg  Wh 
#*  and  Q  *-»v«  Kof  runtftaftsnn  ilii*  {tf»-ik.«>ifc  film  jtmdu<fd  h>  a  tnthh'Q  nt'eaWfai  wd 
to  a  Vr-Wi«y  u,  w  hf  li  pixtlutVa  a  aiutrk,  is  aim  (United  >  •  1  HI 
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signed  to  focus  attention  on  the  most  basic  wave  processes  such  as  cell 
filling  and  cell  emptying.  Results  are  presented  of  cell  filling  and 
emptying  tests  carried  out  by  Power  Jets  (R  S  D)  Ltd.  Various  pressure- 
exchanger  cycles,  many  of  which  were  subsequently  tested  experimentally, 
are  described  in  a  basic  manner  prior  to  presenting  data  obtained  from 
tests  sponsored  by  Power  Jets  (R  &  D)  Ltd.  Finally,  the  results  of  some 
detailed,  comprehensive,  cycle  analyses  are  presented  for  comparison 
with  the  results  of  experiments.  It  was  concluded  that,  in  the  most 
general  sense,  the  results  of  the  Power  Jets  te-'ts  agreed  fairly 
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exchangers  perform  well.  The  outstanding  need  is  to  identify  practical 
applications  where  the  special  properties  of  pressure  exchangers  are 
used  to  best  advantage. 

NOMENCLATURE 

a  Local  acoustic  velocity 

£  Length  of  a  pressure-exchanger  cell 

o  Mass  flow  rate 

mg  Mass  flow  rate  required  to  fill  cells  at  inlet  port  stagnation 

conditions 

M*  Axial  component  of  Mach  number  v= 

p  Static  pressure 

P  Stagnation  pressure 
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Static  pressure  ratio  (Fig.  11) 

Heat  flow  rate 
Time 

Time  required  to  expose,  or  cover,  a  cell  end 
Stagnation  temperature 
Static  temperature  ratio  (Fig.  11) 

Local  gas  velocity 

Coordinate  directed  along  a  pressure-exchanger  cell 
Ratio  of  specific  heats 

Dimensionless  cell  width  {= 

£ 

Product  of  the  isentropic  efficiencies  of  compression  and 
expansion  (equalizer  and  divider  cycles) 

Isentropic  efficiency  of  compression 
Non-dimensional  bulk  input 
{H  K®T)H1N  -  (®T)H0UT)/(ms  Tlin)} 

Fluid  density 

Subscripts 

a,b  etc.  State  point  locations 
IN,  OUT  Inflow,  outflow 
PORT  Port  condition 

ref  Reference  condition 

Components  Identified  in  Figures 
C  Compressor 

H  High  pressure  port 

L  Low  pressure  port 

M  Medium  pressure  port 

T  Turbine 

INTRODUCTION 

The  former  British  company  Power  Jets  (Research  and  Develop¬ 
ment)  Ltd.,  with  Prof.  D.B.  Spalding  of  Imperial  College  as  consultant, 
performed,  and  sponsored,  research  and  development  work  in  the  pressure 
exchanger  field  between  approximately  1952  and  1965.  Power  Jets  inter- 
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est  in  pressure  exchangers  appears  to  have  been  sparked  by  the  pioneer¬ 
ing  work  of  G.  Jendrassik,  former  chief  engineer  of  the  Gantz  diesel 
engine  company  of  Budapest,  Hungary.  Jendrassik,  in  parallel  with  but 
independently  of,  Seippel  in  Switzerland  was  an  originator  of  pressure- 
exchanger  systems  or  more  correctly  dynamic  pressure-exchanger  systems 
since  pressure  waves  were  utilized. 

Some  earlier  pressure-exchanger  concepts  pre-dating  the  work 
of  Seippel  and  Jendrassik  did  not  make  use  of  pressure  wave  effects 
[1,2].  Pressure  exchangers  which  do  not  utilise  pressure  waves  are 
sometimes  termed  static,  or  semi-static,  pressure  exchangers.  A  broader 
and  more  general  overview  of  the  history  of  pressure  exchangers  than  can 
be  given  here  is  due  to  Azoury  who  covers  the  subject  up  to  1965  [3]. 

A  REPRESENTATIVE  PRESSURE  EXCHANGER 

Pressure-exchanger  is  the  generic  name  given  to  a  class  of 
machine  which  utilizes  non-steady  compressible  flow  phenomena  to  perform 
a  variety  of  useful,  cyclic,  processes.  An  essential  feature  of  pres¬ 
sure-exchangers  is  a  cellular  component  usually  constituting  the  rotor 
of  the  machine.  It  is,  perhaps,  most  convenient  to  describe  the  essen¬ 
tial  structure  of  a  typical  pressure-exchanger  and,  subsequently,  to 
investigate  the  principles  of  the  device.  Equipped  with  this  knowledge 
it  is  then  possible  to  consider  the  potential  advantages  and  disadvan¬ 
tages  of  pressure-exchangers  and  hence  show  why  there  is  currently  an 
increasing  interest  in  machines  of  this  type. 

A  pressure-exchanger,  in  it  most  common  form,  comprises  two 
basic  components: 

a)  a  rotor  of  cellular  construction,  as  mentioned  previously, 

b)  a  stator  containing  gas  ports  in  the  end  faces.  The  end 
plates  of  the  stator  are  mounted  as  closely  as  possible  to  the 
rotor  consistent  with  the  avoidance  of  rubbing. 

Figure  1  is  a  diagram  of  the  basis  of  most  pressure  exchang¬ 
ers.  Only  one  port  is  shown  in  each  end  plate  merely  to  Illustrate  the 
essential  features  of  the  device.  Figure  2  is  a  schematic  cross-section 
of  a  simple  pressure  exchanger:  only  a  single  port-and-duct  is  shown. 

In  practice  the  outer  sleeve,  apparent  in  Fig.  1  and  2,  is 
sometimes  arranged  to  be  telescopic,  as  was  the  case  with  the  Power  Jets 
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machines.  This  allows  the  clearances  between  the  rotor  and  the  end 
plates  to  be  maintained  at  constant,  or  very  nearly  so,  pre-deterrained 
values  despite  changes  in  rotor  temperature.  The  end  plates  move  closer 
together,  or  further  apart,  as  the  rotor  cools  or  heats  up  respectively. 
A  simpler  alternative  technique,  less  suited  to  transient  situations,  is 
to  control  the  temperature  of  a  non-telescopic  sleeve  such  that  correct 
clearances  are  maintained. 

A  means  is  provided  to  rotate  the  rotor;  this  may  consist  of 
an  electric  motor  coupled  to  the  rotor  by,  say,  a  belt  transmission. 
Alternatively  rotors  can  be  made  self  driving  as  will  be  explained 
later.  In  either  case  the  power  required  to  maintain  rotor  rotation  in 
a  correctly  designed  pressure-exchanger  is  very  small;  it  is  nearly 
zero.  The  function  of  the  driving  means  is  merely  to  overcome  bearing 
friction  and  rotor  windage.  There  is  always  the  inherent  possibility  in 
pressure-exchangers  of  rotating  the  "stator"  and  fixing  the  "rotor", 
this  arrangement  rarely  seems  to  be  convenient  but  it  should,  at  least, 
be  kept  in  mind. 

So  far  only  the  hardware  has  been  considered.  Imagine,  for 
example,  that  the  rotor  is  spinning  and  that  the  cells  contain  gas  at 
rest  relative  to  the  rotor. 

If  a  port,  for  example  the  one  on  the  left  in  Fig.  1  is 
supplied  with  fluid  (gas)  at  a  pressure  highor  than  that  in  the  cells 
then  gas  will  enter  each  cell  as  it  passes  the  port.  The  inflow  will 
compress  the  contents  of  each  cell  in  turn  and  will  set  it  in  motion  to 
the  right.  The  rotor  can  be  made  self  driving  by  arranging  an  inlet 
port  at  a  sufficient  incidence  to  the  rotor  such  that  the  inflow  im¬ 
pinges  on  the  cell  walls. 

Consider,  as  the  alternative  to  cell  filling,  what  happens 
when  a  pressure  lower  than  that  prevailing  in  the  cells  exists  in  a 
port.  The  port  may  be  regorded  as  connected  to  a  sink  or  low  pressure 
reservoir,  by  the  duct  coupled  to  it.  Fluid  leaves  the  cells  via  the 
port  and  passes  to  the  reservoir.  If,  for  example,  the  right  hand  port 
of  the  basic  pressure-exchanger  of  Fig.  1  is  connected,  via  the  duct,  to 
a  sink  then  outflow  will  occur  from  each  cell  as  is  passes  the  port. 

The  outflow  sets  the  contents  of  the  cells  in  motion  such  that  fluid 
flows  out  to  the  right,  the  consequent  expansion  lowering  the  pressure 
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of  the  cell  contents  remaining. 

It  can  be  seen,  in  this  way,  that  by  cutting  ports  in  the  end 
plates  and  connecting  these  to  appropriate  high  or  low  pressure  reser¬ 
voirs  fluid  will  enter,  or  leave,  the  rotor  in  a  pre-arranged  sequence. 
In  most  pressure-exchangers  the  frequency  with  which  cells  pass  the 
ports  is  such  that  flow  in  the  ports  is  (substantially)  steady,  the 
non-steady  flow  being  confined  to  the  cells. 

It  remains  to  be  shown  that  such  an  arrangement  can  be  made  to 
perform  useful  functions  of  practical  interest.  However  before  proceed¬ 
ing  further  to  consider  the  potential  advantages  and  disadvantages  of 
pressure  exchangers  a  more  detailed  study  of  the  basic  cell  filling  and 
emptying  wave  processes  is  required. 

BASIC  WAVE  EVFNTS 

Wave  processes  in  dynamic  pressure  exchangers  are  normally 
analysed,  as  was  the  case  for  the  Power  Jets  units,  by  the  method-of- 
characteristics  as  applied  to  one-space-dimensional,  time  dependent, 
flow  (4],  This  procedure,  which  is  extremely  powerful,  can  be  arranged 
to  take  into  account  variation  of  entropy,  wall  frictional  effects,  heat 
transfer,  the  finite  time  taken  to  uncover,  or  cover,  a  cell  end,  cell 
partition  thickness,  and  finally  leakage  between  the  cell  end  faces  and 
the  stator  end  plates.  It  is  also  possible  to  accommodate  the  possibil¬ 
ity  of  employing  tapered  cells  of  non-uniform  cross-sectional  area 
(3,3,6,?].  These  procedures  have  also  been  adapted  for  digital  computa¬ 
tion  (8,9,10].  The  method-of-characteristics  is  too  long  and  complex  to 
be  considered  further  here.  However,  a  very  simple  theoretical  treat¬ 
ment  of  idealised,  one-dimensional  nonsteady  compressible  flow  is 
possible  which  gives  at  least  an  Indication  of  the  dominant  physical  and 
quantitative  flow  features. 

Consider,  for  example,  the  filling  of  a  single  cell  of  the 
rotor  shown  in  Fig.  1  and  2  as  comparable  to  the  transient  filling  of  a 
tube  of  uniform  cross-sectional  area  with  a  valve  at  the  end  capable  of 
opening,  or  closing,  instantaneously  and  having  an  unobstructed  flow 
area  equal  to  the  cross-sectional  area  of  the  container.  A  cell 
modelled  in  this  way,  which  is  assumed  to  have  adiabatic  walls,  is  shown 
in  Fig.  3(a).  When  the  pressure  of  the  fluid  at  re6t  in  the  cell  is 
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less  than  that  of  the  surroundings  sudden  opening  of  valve  X  (Fig.  3(a)) 
at  the  left  hand  end  of  the  cell  results  in  fluid  rushing  into  the  cell 
and  initiating  a  rightward  moving  discontinuity  or  compressive  wave.  In 
front  (i.e.  to  the  right)  of  the  wave  the  fluid  is  that  which  was  in  the 
cell  originally  and  it  is  at  rest  relative  to  the  pressure-exchanger 
rotor.  Behind  (i.e.  to  the  left)  of  the  wave  the  fluid  has  been  com¬ 
pressed,  and  set  in  uniform  motion  to  the  right,  whilst  fluid  from  the 
duct  flows  into  the  cell  through  the  fully  open  valve  X.  The  compres¬ 
sive  wave  propagates  rightwards  faster  than  the  rightwards  flow  velocity 
prevailing  behind  the  wave.  In  the  limit,  for  infinitesimally  weak 
waves,  the  wave  propagation  velocity  will  be  the  acoustic  velocity  in 
the  undisturbed  flow.  When  the  rightward  moving  wave  reaches  the  closed 
end  of  the  tube  all  the  fluid  in  the  tube,  that  is  the  original  contents 
of  the  tube  plus  the  fluid  that  flows  in  through  valve  X,  is  travelling 
to  the  right  at  the  inflow  velocity  through  valve  X. 

Since  the  rightward  flow  obviously  cannot  continue  through  the 
closed  right  hand  end  of  the  cell,  a  reflected  compression  wave  is 
generated  at  the  right  hand  end  wall.  This  serves  to  compress,  further, 
the  contents  of  the  cell  and  to  bring  the  flow  to  rest.  The  reflected 
wave  propagates  leftwards  against  the  direction  of  inflow.  Provided 
there  is  no  entropy  discontinuity  between  the  fluid  added  to  the  tube 
and  the  original  contents  of  the  fluid  interface  is  transparent  to  the 
reflected  leftward  moving  wave  which  continues  to  propagate  until  it 
reaches  valve  X.  If  at  this  moment  valve  X  is  closed  instantaneously 
the  fluid  trapped  within  the  cell  will  all  be  at  rest  and  at  a  higher 
pressure  than  that  of  the  surroundings.  Such  a  phenomenon  can  be  shown 
to  be  consistent  with  the  requirements  of  the  First  Law  of  Thermod¬ 
ynamics. 

The  sequence  of  the  events  during  the  filling  process  can  be 
plotted  on  a  distance  (x),  time  (t)  basis,  otherwise  known  as  a  wave 
diagram,  and  this  has  been  done  in  Fig.  3(b).  In  Fig.  3(b)  a  closed  end 
is  represented  by  shading  and  an  open  end  by  the  absence  of  shading. 
Hence  the  period  during  which  valve  X  should  be  open  or  a  cell 
communicates  with  the  port,  can  be  deduced  immediately  from  the  x  %  t 
diagram  provided  the  wave  propagation  velocities  are  known. 
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The  reverse  process  to  filling,  that  is  cell  emptying  where 
the  initial  pressure  in  the  cell  exceeds  that  of  the  surroundings,  is 
depicted  on  the  x  ^  t  plane  in  Fig.  4.  Here  the  illustration  of  the 
model  cell,  shown  in  Fig.  3(a),  has  been  omitted  since  it  contributes 
nothing  to  the  x  ^  t  diagram  showing  the  physical  events.  Essential 
differences  between  the  filling  and  emptying  processes  are  that  the 
pressure  waves  occurring  during  emptying  are  both  of  the  expansion  type 
and,  with  valve  X  located  at  the  left,  outflow  occurs  to  the  left. 

It  can  be  seen  that  had  the  cell  of  Fig.  3(a)  been  drawn  with 
the  valve  at  the  right  hand  end,  and  the  closed  end  at  the  left,  the 
flow  and  wave  propagation  directions  would  be  the  reverse  of  those  shown 
in  Fig.  3(b)  and  4.  The  nature  of  the  wave  events  occurring  would 
otherwise  be  the  same. 

In  a  real  device  valve  X  cannot  be  expected  to  open  or  close 
instantaneously  nor  can  friction  between  the  moving  fluid  and  the 
internal  surfaces  of  the  tube  be  eliminated.  However  apart  from  these 
differences  the  situations  depicted  in  Fig.  3  and  4  can  be  shown  to 
approximate  reality  for  relatively  weak  pressure  waves. 

Having  obtained  an  impression  of  the  physical  nature  of  the 
flow  for  the  particular  cases  of  filling  and  emptying  it  is  now  possible 
to  analyze,  quantitatively,  a  more  general  situation  where  a  single, 
weak,  isentropic,  pressure  wave  propagates  through  a  fluid  in  a  region 
where  the  flow  velocity  in  the  x  direction  is  u  in  front  of  the  wave. 


Derivation 

Applying  the  conservation  of  mass  principle  between  fixed 
stations  A  and  B  of  the  duct  shown  in  Fig.  5  during  a  time  interval  fit 
in  which  a  weak  pressure  wave  travels  an  elemental  distance  &x; 


Net  mass  inflow  during 
(u  ♦  4u)  (P  ♦ 


it  -  mass  accumulation  during  it,  i.e. 
ip)  Ait  -  PuA^t  *  iPAix 


but: 


ix  ■  (a  ♦  u)  it 
thus  from  (1)  and  (2) 

(u  ♦  iu)(P  ♦  ip)  -  uP  ■  ip  (a  ♦  u) 


(D 

(2) 
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or  after  expansion: 

2 

up  +  p6u  +  u6p  +  o(6  )  -  up  =  a6p  +  u6p 

t 

Thus  after  simplification  and  ignoring  terms  of  order  6' 
p6u  *  a6p 


6u  -  a  ^  (3) 

Assuming  that  the  wave  is  isentropic: 
o 

-  -SL.  (4) 

ref  °re£ 

and  from  logarithmic  differentiation  of  equation  (A): 

<£>  ■  %  <» 
substituting  for  6p/p  in  equation  (3)  from  (5): 

6u  *  (~)  6a  (6) 

Integrating  equation  (6)  without  limits,  when  6  is  vanishingly  small, 
and  subsequently  rearranging: 


a  -  (Jy1-)  u  »  CONSTANT  (7) 

For  a  compression  wave  propagating  against  the  flow,  as  depicted  in  Fig. 
6,  it  can  be  shown  by  a  similar  analysis  that: 

a  +  (~~)  u  -  CONSTANT  (8) 

The  results  given  by  equations  (7)  and  (8)  can  be  shown  to 
cover  all  individual,  or  simple,  isentropic  waves  including  expansion 
wave  cases  not  represented  in  either  Fig.  5  or  6.  Thus  combining 
equations  (7)  and  (8): 


s  u 


CONSTANT 


Equation  (9)  is  the  required  result;  the  positive  or  negative  signs 
arise,  for  positive  u,  as  indicated  in  Fig.  7. 


Construction  of  u  \  a  Diagrams 

Equation  (9)  shows  that,  on  a  u  'v  a,  or  state,  plane,  all 
possible  combinations  of  a  and  u  for  a  particular  value  of  the  CONSTANT 
can  be  represented  by  two  inclined  straight  lines,  one  with  a  positive 
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slope,  the  other  with  a  negative  slope,  If  the  a  (ordinate)  scale  is 
made  2/(y-l)  times  that  used  for  the  u  (abscissa)  scale,  then  one  line 
has  a  slope  of  +  45°,  the  other  a  slope  of  -45°.  Plotting  similar  pairs 
of  lines  for  other  discrete  values  of  the  CONSTANT  on  the  R.H.S.  of 
equation  (9)  results  in  a  mesh  of  lines  having  slopes  of  ±45°  as  shown 
in  Fig.  8. 

The  u  a  (state)  and  accompanying  x  'v*  t  (wave)  diagrams  for  a 
typical  filling  process,  such  as  that  illustrated  in  Fig.  3(b),  are 
presented  in  Fig.  9.  Figure  10  shows  the  corresponding  u  a  and 
x  a.  t  diagrams  for  an  emptying  process  such  as  that  depicted  in  Fig.  4. 
It  can  be  seen  from  both  Fig.  9  and  10  that  the  labelling  identifying 
the  corners  of  the  u  ^  a  diagrams  also  represents  the  corresponding  flow 
regimes  between  the  waves  on  the  x  *v»  t  plane.  To  improve  clarity, 
compression  waves  are  represented  on  the  x  t  plane  as  solid  lines  and 
expansion  waves  by  chain-dotted  lines. 

Mach  numbers  and  pressure  ratios  can  be  deduced  easily  from 
the  u  \  a  plane.  For  example  with  reference  to  Fig.  9  or  10: 

,2l_ 

S'-1 

a 

a, 

The  latter  expression  is  justified  because  the  flow  is  assumed  to  be 
isentropic.  It  is  generally  desirable,  for  most  real  pressure  exchanger 
situations,  not  to  exceed  a  pressure  ratio  of  about  2:1  for  an  individu¬ 
al  wave,  and  hence  a  port  Mach  number  of  abour  0.5,  in  order  to  minimise 
the  adverse  effects  of  irreversibilities.  In  the  most  general  sense, 
this  conclusion  is  confirmed  from  the  results  of  comprehensive  basic 
cell  filling  and  emptying  tests  conducted  by  Power  Jets  using  air  as  the 
working  fluid.  These  results  are  presented,  in  terms  of  static  tempera¬ 
ture  versus  static  pressure  ratio,  in  Fig.  11.  The  "first  part  of 
filling"  refers  to  the  first  compression  wave  of  a  filling  process,  the 
"second  part  of  filling"  refers  to  the  reflected  wave:  likewise  for 
emptying.  It  can  be  seen,  from  Fig.  11,  that  the  magnitude  of  depar¬ 
tures  from  the  isentropic  increases  as  the  static  pressure  ratio  in¬ 
creases. 
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ADVANTAGES  AND  DISADVANTAGES  OF  PRESSURE  EXCHANGERS 


It  is  now  possible  to  make  a  qualitative  assessment,  at  least 
tentatively,  of  the  potential  advantages  and  disadvantages  of  pressure 
exchangers  compared  with  turbo-machines  based  on  the  structural  and 
performance  characteristics  of  pressure-exchangers  outlined  so  far. 

Advantages: 

i)  Robust  construction. 

ii)  Generally  low  rotational  speed  compared  with  turbo-machines; 
too  high  a  rotational  speed  will  obviously  not  permit  the 
occurrence  of  adequate  cell  filling  or  cell  emptying, 

iii)  Isentropic  efficiencies  of  compression  and  expansion 

comparable  with  those  or  turbo-machines:  this  follows  if 
efficient  cell  filling  and  emptying  processes  are  encouraged, 

iv)  less  prone  to  erosion  damage,  due  to  solid  particles  or  liquid 
droplet  ingestion,  than  turbomachinery.  The  velocity  of  the 
working  fluid  in  a  pressure  exchanger  relative  to  the  hardware 
is  typically  about  1/1  of  values  commonly  met  with  in  turbo¬ 
machines;  this  implies  that  the  kinetic  energy  of  a  particle 
of  prescribed  mass  is  only  about  10X,  in  a  pressure  exchanger, 
of  values  attainable  in  typical  turbo-machines, 

v)  Ability  to  withstand  higher  temperature  than  say,  gas  turbines 
without  recourse  to  structural  cooling.  The  hottest  parts  of 
the  rotor  of  a  pressure-exchanger  are  usually  only  exposed  to 
the  maximum  working  temperature  for  a  portion  of  the  running 
time;  in  some  cases  these  regions  are  also  in  contact  with 
cool  working  fluid  such  as,  for  example,  scavenge  air. 

vi)  Non-surging  performance  characteristics  of  pressure- 

exekungors;  pressure-exchangers  do  not  surge  in  the  manner 
customarily  associated  with  axial  or  centrifugal  turbo-com¬ 
pressors. 

vii)  A  rapid  response  to  operational  transients, 

viii)  Possibly  a  lower  first  cost  than  some  competitive  equipment. 
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Disadvantages: 

i)  Low  mass  flow  rate  per  unit  of  frontal  area  compared  with 
turbo-machinery,  particularly  in  relation  to  axial  flow 
turbo-machines. 

ii)  Not  primarily  suitable  for  the  direct  production  of  shaft 
power  output  without  the  use  of  a  power  turbine.  In  some 
cases  a  power  turbine  can  be  combined  with  the  pressure- 
exchanger  cellular  rotor. 

iii)  Noise  generation;  due  to  the  non-steady  flows  occurring  within 
them,  pressure-exchangers  are  inherently  noisy  and  therefore 
require  careful  muffling  or  silencing.  The  noise  produced  is 
predominantly  of  high  frequency,  usually  say  3  to  5  k  hertz, 
and  can,  therefore,  be  dealt  with  fairly  easily  by  absorption 
devices. 

iv)  Significant  cyclic  fatigue  loading  conditions  often  prevail 
particularly  within  the  cellular  rotor. 


PRESSURE-EXCHANGER  CONFIGURATIONS 

Dynamic  pressure-exchangers  can  be  configured  to  perform  a 
wide  variety  of  useful  tasks.  Seven  particular  configurations  studied 
to  a  greater  or  lesser  extent  by,  or  for.  Power  Jets,  are  shown  in  an 
idealised  form  in  Fig.  12  to  Fig.  IB  inclusive.  In  each  case  the  ports 
of  the  pressure  exchanger  are  Identified  by  labelling  them  with  refer¬ 
ence  to  the  function  of  each  port  in  accordance  with  the  following  code: 

L  £  low  pressure 

H  =  medium  pressure  >  subscripts  "IN"  or  "OUT"  arc  employed  to 

„  .  ...  identify  inlet  or  outlets  respectively. 

n  =  hign  pressure 

In  order  to  simplify  the  diagrams  each  wave,  compression  or  expansion, 
is  identified  as  a  single  line.  As  before  solid  lines  are  used  for 
compression  waves  and  chain-dotted  lines  for  expansion  waves.  Particle 
paths  are  represented  as  dotted  lines.  Wave  interactions  at  interfaces 
are  ignored.  For  each  cycle  illustrated  a  turbo-machine  capable  of 
performing  the  same  task  is  shown,  dlagrammatically,  alongside  the 
dynamic  pressure-exchanger  which  is  drawn  on  the  distance  time  plane. 
It  should  be  borne  in  mind  that,  because  the  wave  processes  are  cyclic, 
the  top  of  e-*ch  distance-time,  or  wave  diagram  can  be  considered  to  be 
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looped  around  and  joined  to  the  bottom  or,  alternatively,  each  wave 
cycle  is  repetitive. 

Figure  12  shows  the  basic  configuration  of  a  machine  which  can 
serve  as  a  low  pressure-ratio  gas  generator  or  air  compressor  or 
internal-combustion-engine  supercharger.  The  cycle  involves  two  scav¬ 
enging  processes,  one  at  the  low  pressure  of  the  cycle,  the  other  at  the 
high  pressure  condition.  The  low  pressure  scavenge  process  serves  to 
replace  products  of  combustion  exhausting  from  the  machine  with  an 
induced  air  flow  from  the  surroundings.  The  high  pressure  scavenge 
process  results  in  discharging  air,  which  has  been  compressed,  into  the 
high  pressure  circuit  whilst  receiving  products  of  combustion  from  the 
same  circuit.  The  cycle  involves,  in  essence,  two  compression  and  two 
expansion  waves.  A  scavenge  process  can  be  thought  of  ,  in  terms  of 
pressure  waves,  as  a  two-wave  process.  Sometimes  the  low  pressure 
scavenge  outlet  port  is  made  much  wider  than  the  inlet  as  shown  in  the 
inset . 

A  similar  cycle,  but  with  a  heat  rejection  and  mass  injection 
replacing  the  heat  addition  process,  is  shown  in  Fig.  13.  This  machine 
can  serve  as  an  air-cycle  refrigerator.  The  "output"  flow  is  the  cooled 
low  pressure  stream  leaving  the  unit. 

Figure  14  is  another  configuration  suitable  for  use  as  a  gas 
generator,  air  compressor  or  supercharger.  The  arrangement  differs  from 
that  of  Fig.  12  by  virtue  of  the  addition  of  transfer  passages  each 
connecting  an  emptying  process  to  a  filling  process.  The  purpose  of 
transfer  passages  is  to  increase  the  overall  pressure  ratio  of  the 
machine  without  recourse  to  high  gas  Mach  numbers  in  the  ports  of  the 
system.  Two  transfer  passages  are  shown  in  Fig.  14;  at  least  in  prin¬ 
ciple  there  is  no  restriction  on  the  number  of  transfer  passages  that 
can  be  used. 

A  pressure-exchanger  equalizer  is  depicted  in  Fig.  15.  This 
machine  serves  a  similar  function  to  an  ejector  or  to  the  turbo-compres¬ 
sor  unit  shown  in  the  diagram.  This  cycle  is  interesting  in  that  it  is 
one  which  is  wholly  dependent  on  wave  dynamics:  there  is  no  comparable 
cycle  for  a  non-dynamic,  or  static  pressure-exchanger.  A  similar  remark 
can  be  made  in  relation  to  the  pressure-exchanger  divider  cycle  shown  in 
Fig.  16.  This  cycle  takes  as  an  input  a  medium  pressure  stream  and 
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divides  it  into  two  outflowing  streams  one  at  a  higher  and  the  other  at 
a  lower  stagnation  pressure  than  the  input  flow.  There  are  potential 
uses  for  such  devices  in  pressure-boosting  applications  and  in  natural- 
gas  distribution  grids. 

Figure  17  illustrates  a  simple  pressure-gain  combustor  con¬ 
cept.  Here  combustion  of  a  fuel/air  mixtures  takes  place,  at  constant 
volume,  within  the  cells  of  the  pressure-exchanger.  The  resultant 
pressure  rise  results  in  the  discharge  or  products  of  combustion  at  a 
higher  stagnation  pressure  than  the  stagnation  pressure  of  the  entering 
air  flow.  The  fuel  flow  can  be  added  to  the  entering  air  stream  in  a 
number  of  ways.  There  are  obvious  potential  problems  relating  to 
developing  a  satisfactory  combustion  system  within  the  confines  of  a 
pressure-exchanger  cell.  Figure  18  depicts  an  alternative  form  of 
pressure-gain  combustor,  also  equivalent  to  a  constant-volume  combustor, 
employing  a  conventional,  steady  flow,  combustor  in  the  high  pressure 
circuit  of  the  machine.  Potential  applications  for  the  systems  shown  in 
Fig,  17  and  18  relate,  for  example,  to  gas  turbine  usage  to  replace 
conventional  steady  flow  combustors  with  units  capable  of  generating  a 
stagnation  pressure  increase.  The  foregoing  examples  do  not  represent 
an  exhaustive  inventory  of  possible  pressure-exchanger  configurations; 
the  applications  are,  however,  sufficiently  varied  to  given  some  idea  of 
the  wide  range  of  uses  to  which  pressure-exchangers  can  be  put. 

PRESSURE-EXCHANGER  CONFIGURATIONS  TESTED  EXPERIMENTALLY 

-  -  -  -  -  -  ■  i  —  -  -  i  —  -  .  .  _ . 

Power  Jets  sponsored  single-cell  tests  to  obtain  fundamental 
cell  filling  and  emptying  data  [11]  and  subsequent  filling  and  emptying 
tests  using  a  cellular  rotor;  the  collapsed  results  of  many  of  these 
latter  tests  are  shown  in  Fig.  11.  Tests,  with  supporting  analyses, 
were  also  carried  out  to  establish  the  overall  characteristics  of  low 
and  high  pressure  scavenging  processes  (7). 

In  addition  to  fundamental  tests  of  individual  wave  processes 
Power  Jets  sponsored,  or  carried  out,  tests  of  a  number  of  functional, 
complete,  pressure  exchangers.  These  efforts  were  directed  primarily  at 
four  systems: 

1)  gas  generator  configurations  along  the  lines  of  that 

illustrated  diagrammatically  in  Fig.  12;  machines  of  this  kind 
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were  tested,  at  various  stages  of  the  program,  as  gas  genera¬ 
tors,  diesel  engine  superchargers  and  as  a  pressure-firing 
system  for  a  steam  boiler, 

ii)  air  cycle  refrigerators  of  the  type  shown  in  Fig.  13.  Apart 
from  test-bed  trials  prototype  units  of  this  kind  were  used 
for  mine  cooling  in  South  African  and  India, 

iii)  equalizers  (Fig.  15);  extensive  test-bed  running  was 

undertaken  to  establish  the  overall  characteristics  of  such 
cycles. 

iv)  dividers  (Fig.  16);  again  extensive  test-bed  running  was 

carried  out  to  establish  cycle  characteristics  experimentally. 
Proceeding  to  look,  in  turn,  at  each  of  the  four  previous  examples  in 
more  detail. 


Gas  generators 

Typical  representative  results  obtained  with  a  Power  Jets  gas 
generator  are  shown  in  Fig.  19.  The  unit  was  of  the  most  simple  type 
and  did  not,  for  example,  feature  transfer  ports  (Fig.  14). 

Control  was  by  varying  the  fuel  flow  quantity;  there  was  no 
bleed-off  of  hot  gas  or  compressed  air  from  the  H.P.  circuit.  The 
fall-off  of  the  isentropic  compression  efficiency,  nCOMp*  (upper  curve 
family)  was  due  to  hot  gas  mixing  with  the  compressed  air  delivered  into 
Che  H.P.  loop  this  effect  becoming  ever  more  significant  as  the  H.P. 
scavenge  ratio  (centre  diagram)  increased  towards,  or  exceeded,  unity. 
The  estimate  of  n^p  was  based  on  the  temperature  rise  of  the  air  (due 
to  compression  in  the  pressure-exchanger)  by  measuring  stagnation 
temperature  at  the  L.P.  inlet  and  H.P.  outlet  ports. 

The  lover  curve  family  shows  the  non-dimensional  bulk  input  u 
versus  pressure  ratio.  The  straight  dotted  line  is  the  theoretical, 
non-dimensional,  bulk  input  for  a  waveless  (static)  pressure-exchanger. 
Better  results  than  those  shown  in  Fig.  19  have  been  reported  by  Power 
Jets  (12).  A  fairly  close  correlation  between  theory  and  practice  is 
also  on  record  ( 13) . 


Coolers 


At  least  two  dynamic  pressure-exchanger  coolers  were  built  by 
Power  Jets  (R  and  D)  Ltd.  These  units  were  later  operated  as  deep-mine 
environmental  air-cooling  devices.  Figure  20  is  an  illustration  of  the 
first  prototype  unit.  The  pressure-exchanger  and  water-cooled  heat- 
exchanger  are  in  the  foreground.  The  portion  of  the  mine  ventilating 
duct  in  which  the  unit  was  located  is  shown  in  the  upper  part  of  the 
photograph.  The  make-up  air  flow  to  the  high  pressure  circuit  was 
tapped  from  the  mine  compressed  air  supply. 

In  each  of  the  two  prototype  units  the  rotor  was  made  self¬ 
driving  by  angling  the  high-pressure  inlet  to  give  the  entering  flow  an 
incidence  angle  of  approximately  10°  to  the  cell  walls  at  the  operating 
speed.  The  coefficient  of  performance  (cooling  duty  divided  by  the 
isentropic  work  of  compression  of  the  make-up  air)  was  1.2  for  the 
second  prototype  unit.  Noise  levels  were  controlled  by  use  of  acoustic 
splitters  which  proved  adequate  to  make  the  noise  of  the  installed  units 
insignificant  compared  with  typical  mine  noise  levels.  See  the  contri¬ 
bution  by  Barnes  to  the  written  discussion  of  reference  [3]  for  further 
details  of  the  mine  cooler  system. 


Equalizers 

Figure  2i  shows  an  experimentally  obtained  performance  map  for 
an  equalizer,  using  air  as  the  working  fluid,  in  which  the  dimensionless 
cell  width  UM*  Figure  22  is  a  comparative  performance 

map  obtained  by  analytical  means  not  based  on  the  method-of-characteris- 
tics  (15).  The  discrepancy  between  Fig.  21  and  22  was  thought  to  be  due 
to  the  wider  cell  width,  A^ELL  *  0*54,  employed  to  obtain  the  analyt¬ 
ically  derived  curves. 

Amongst  the  applications  considered  for  equalizers  one  was  to 
use  the  device  as  a  thrust  augmentator  for  either  a  turbo-jet  or  low 
bypass  ratio  turbo  fan.  For  an  application  of  this  nature  the  high- 
pressure  inlet  flow  to  the  equalizer  would  be  the  engine  efflux.  The 
low  pressure  flow  would  be  drawn  from  the  surroundings.  The  results  of 
an  approximate  analysis  based  on  equalizer  experimental  performance,  of 
the  expected  thrust  augmentation  versus  overall  pressure  ratio  is 
presented  in  Fig.  23.  It  can  be  seen  that  the  characteristics  of  the 


24 


device  indicate  that  a  good  performance  is  only  possible  for  fairly  low 

values  of  P../P,  . 

h  L 


Dividers 

The  experimentally  obtained  performance  map  of  a  divider  is 
presented  in  Fig.  24  for  a  machine  having  a  dimensionless  cell  width  of: 
^tCELL  -  0.36  [14],  A  corresponding  theoretically  obtained  performance 
map,  for  At'  *  0.54,  is  presented  in  Fig.  25.  The  method  used  for 
establishing  this  theoretical  map  was  the  same  as  that  used  for  the 
analytically  derived  equalizer  map  of  Fig.  22  [15]. 

Figure  26  shows  the  test  rig  from  which  both  the  equalizer  and 
divider  experimental  performance  characteristics  were  obtained  Detailed 
method-of-characteristics  analyses  were  also  performed  for  both  the 
equalizer  and  the  divider  cycles  in  which  account  was  taken  of  friction, 
finite  cell  wall  thickness,  finite  cell  width  and  leakage.  The  result 
of  this  work,  which  is  available  elsewhere  (16),  are  not  reproduced 
here. 


POTENTIAL  APPLICATIONS 

It  seems  essential,  if  pressure  exchangers  are  to  be  commer¬ 
cially  successful,  to  find  applications  where  these  devices  can  excel 
uniquely.  It  does  not  seem,  to  the  writer,  to  be  worth  developing  a 
pressure-exchanger  based  solution  to  a  problem  which  can  be  solved 
equally  well,  or  indeed  nearly  as  well,  by  an  existing,  developed, 
machine  or  system.  It  would  appear,  for  example,  that  the  success  being 
achieved  by  the  Comprex  unit  of  Brown  Boveri  in  the  vehicle  supercharg¬ 
ing  field  is  due  largely  to  the  very  rapid,  almost  instantaneous, 
response  of  the  Comprex  to  changes  in  engine  operating  conditions,  an 
area  where  the  turbo-charger  is  less  responsive,  and  the  work  carried 
out  by  Brown  Boveri  to  reduce  the  sensitivity  of  the  Comprex  to  changes 
of  engine  speed.  Installationally,  the  Comprex  is  slightly  less  easy  to 
accommodate  than  a  turbo-charger  due  to  the  need  to  arrange  a  drive  for 
the  rotor;  clearly  in  those  cases  where  it  is  employed  it  is  felt  that 
the  slight  installational  inconvenience  is  outweighed  by  the  performance 
advantages. 


It  appears  to  the  writer  that  pressure  exchangers  may  have 
considerable  advantages,  due  to  a  perception  than  they  have  a  high 
erosion  resistance  and  possibly  a  low  first  cost,  in  simple,  moderate 
thermal  efficiency,  power  plants  employing  fuels,  such  as  pulverised 
coal  or  residual  oil,  less  well  suited  to  gas  turbines  or  reciprocating 
engines.  A  plant  of  the  proposed  type  would  probably  employ  a  gas 
generator  with  perhaps  two  transfer  passages,  similar  to  that  of  Fig. 

14,  with  a  simple,  fairly  low  maximum  temperature  power  turbine.  A 
possible  arrangement  is  shown  schematically;  ip  Fig.  27.  A  power  plant 
of  this  type  may  find  application  in  locomotives  or  ships.  It  is  known, 
for  example,  that  the  People's  Republic  of  China  is  currently  using  a 
large  number  of  coal-fired  steam  locomotives.  The  desire  has  been 
expressed  to  replace  these  with  other  types  of  coal  burning  machines  of 
about  twice  the  thermal  efficiency.  This  implies  that  an  overall 
thermal  efficiency  of  about  16  to  20%  is  required.  Currently  coal-fired 
Stirling  engines  are  being  studied  as  possible  alternative  prime  movers 
[17],  Possibly  a  pressure  exchanger  based  power  plant  would  be  suitable 
and  may  require  less  development  than  a  relatively  "high  tech"  Stirling 
engine. 

Another  field  where  pressure  exchangers  may  have  a  unique  role 
to  play  is  as  pressurised  combustors  for  coal,  or  residual-oil,  fired 
steam  boilers.  Again  the  special  features  commending  pressure  ex¬ 
changers  for  such  applications  are  a  high  erosion  resistance  and, 
possibly,  a  lower  first  cost  than  otherwise  comparable  turbo-machinery. 
The  pressure  exchanger  required  is  a  gas  generator  type  unit,  possibly 
without  transfer  ports,  along  the  lines  of  that  shown  in  Fig.  12. 

Pressure  exchangers  may  have  a  part  to  play  in  the  development 
of  pressure-gain  combustors,  or  so  called  topping  spools,  for  gas 
turbines:  in  many  such  systems  the  blading  of  a  turbo-machine  counter¬ 
part  is  too  small  for  satisfactory  operation  thereby  giving  an  advantage 
to  the  pressure  exchanger.  Two  such  pressure  exchanger  systems  are 
shown  in  Fig.  17  and  18.  Whilst  the  system  of  Fig.  18  is  closer  to 
currently  available  technology  it  is  apparently  less  compact  than  that 
of  Fig.  17,  The  challenge  in  developing  the  system  of  Fig.  17  is 
clearly  that  of  establishing  good  combustion  conditions  in  a  device 
which  will  also  function  as  a  pressure  exchanger.  The  combustion-in- 
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cell  concept  does  not  rely  constantly  on  the  igniter.  Spalding  has 
suggested,  if  this  system  were  ever  to  be  developed,  the  use  of  a  pocket 
in  the  stator,  possibly  in  the  vicinity  of  t’pe  igniter,  to  transport 
products  of  combustion  upstream  to  cells  approaching  the  combustion 
zone.  In  this  way  the  igniter  is  only  required  for  start-up  [18]. 

What  appears  to  be  a  good  practical  application  of  the  pres¬ 
sure  exchanger  divider  has  been  proposed  by  Barnes  [19].  This 
application  relates  to  pumping- energy  recovery  in  natural-gas  distribu¬ 
tion  networks.  Since  the  system  has  already  been  subjected  to  analysis 
and  the  results  of  this  work  are  available  [19]  it  will  not  be  described 
here.  The  special  pressure  exchanger  properties  commending  this  appli¬ 
cation  are  the  absence  of  surge  problems,  rapid  response  to  transients 
and  equipment  robustness. 

CONCLUSIONS 

An  overview  has  been  presented,  very  briefly  and  with  many 
omissions,  of  the  work  on  pressure  exchanger  development  sponsored,  and 
carried  out  by  Power  Jets  (R  &  D)  Ltd.,  assisted  by  Prof.  D.B.  Spalding 
and  others,  over  a  period  of  approximately  thirteen  years.  An  attempt 
was  also  made  to  introduce  the  concept  of  the  dynamic  pressure  exchanger 
in  as  simple  a  manner  as  possible, 

A  survey  of  some  of  the  experimental  results  available  from 
the  Power  Jets  work,  and  comparison  with  relevant  theoretical  analyses, 
indicates  that,  in  the  most  general  sense,  pressure  exchangers  work 
satisfactorily  in  practice.  It  appears  to  be  of  paramount  importance, 
when  attempting  to  identify  potential  applications  for  pressure  ex¬ 
changers,  to  take  into  account  the  special  properties,  and  performance 
characteristics,  of  these  machines  which  fit  them  uniquely  for  the 
proposed  tasks.  In  this  way  competition  with  existing,  fully  developed, 
equipment  is  avoided. 
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Fig,  2  Cross-section  of  a  simple  pressure  exchanger 


30 


VALVE  X 


yyfyyyyyyyyyyyyyyyyyy/Z 


(a) 


FLUID  ADDED 
DURING 

FILLING  PROCESS 


FLUID  IN 
VESSEL  ^ 
ORIGINALLY  ^ 


(b) 


A  typical  gat  dyneaic  filling  procesa, 

(a)  tubular  container  with  valve  at  left  hand  and, 

(b)  wave  (x  *  t)  dlagraa  for  filling  procesa. 

1 1 


OUTFLOW 
<# . . 


PATH  OF  LEFTWARD 
RUNNING  REFLECTED 
EXPANSION  WAVE 


FLUID 

\  DEMARCATION 
W  LINE 

\  PATH  OF  RIGHTWARD 
\  RUNNING  INITIAL  /  £ 
\  EXPANSION  ' 

\  WAVE 

\ 


- 1 - 

FLUID 
REMOVED 
[BY  OUTFLOW 


FLUID 

CONSTITUTING 
FINAL  CONTENTS 
OF  VESSEL 


V 


♦X 


FI*.  4  Wave  diagram  for  a  typical  emptying  procaaa. 


32 


3 


3  » 


35 


Fig.  5  Elemental  lsentropic  wave  propagating  to  the  right  in  gar 
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Fig.  13  A  dynamic  pressure  exchanger  arranged  as  an  air  -  cycle  refrigerator 
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Fig,  24  Experimentally  obtained  performance  of  a  pressure 
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Fig.  25  Predicted  performance  of  a  divider  (4  tr  jo. 
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Tig.  26  The  Power  Jets  pressure-exchanger  divider/equaliaer 
test  rig  as  installed  at  Imperial  College,  University 
of  London. 
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THE  COMPREX 
Summary 


The  Comprex  for  supercharging  Diesel  engines  in  passenger  cars  represents 
a  practical  utilization  of  the  wave  rotor  concept.  Turbocharging  has  long  been 
introduced  in  locomotive  and  ship-Diesel  engines  for  increasing  the  power  output. 
Today  turbosupercharger  have  also  become  standard  equipment  on  trucks  and  trac¬ 
tors.  The  matching  of  the  pistonengine-  and  the  turbomachine  characteristic  does 
not  cause  particular  problems,  as  multispeed  transmissions  allow  engine  operation 
in  a  narrow  speed  range.  The  high  vehicle  masses  do  not  seem  to  demand  rapid 
load  response.  In  passenger  Diesel  cars  the  engine  has  to  work  in  a  wider  speed 
range  and  rapid  response  to  load  change  is  mandatory.  This  feature  can  be  felt 
most  distinctly  when  comparing  two  diesel  cars,  one  Comprex-  and  the  other 
turbo-charged. 

The  characteristic  of  the  Comprex  can  be  adapted  to  the  particular  requirement 
of  a  high  torque  in  the  normal  engine  operating  speed  range  of  a  naturally  aspi¬ 
rated  engine.  This  can  be  realized  with  a  particular  stator  porting  design.  In  addi¬ 
tion  to  the  intake-  and  exhaust  ports  there  are  stator  pockets  with  immediate 
mass  reinjection  into  the  rotor.  This  allows  the  Cdforex  to  match  the  engine  mass- 
flow  demand,  when  it  is  driven  over  a  belt.  At  constant  air-furl  ratio  the  engine 
intake  manifold  pressure  and  thus  the  torque  stay  about  constand  over  a  wide 
engine  speed  range.  The  manifold  pressure  raises  as  fast  as  the  exhaust  temperature 
inccreases.  As  the  air  pressure  Is  generated  by  the  compression  wave  the  rotor 
speed  does  not  first  have  to  change. 

As  the  Comprex  supercharged  car  can  be  driven  at  lower  engine  speed  the 
will  be  an  advantage  in  fuel  consumption  and  noise.  The  Comprex  can  be  built 
with  low  flow  capacity  without  a  loss  in  performance  due  to  detrimental  Reynolds 
number  effects. 

The  wave  rotor  is  produced  by  casting  with  uneven  partition  spacing  for  tower¬ 
ing  the  single  frequency  noise  energy.  With  simple  acoustic  means  in  the  intake- 
and  exhaust  ducts  the  vehicle  noise  can  be  held  down  to  acceptable  levels.  The 
low  rotor  tip  speeds  will  eventually  permit  the  use  of  ceramic,  which  offers  the 
advantage  of  low,  weight,  low  cost  and  almost  no  thermal  expansion.  Clearances 
between  rotor  and  stators,  which  affect  losses,  can  be  held  smaller. 

Brown  Boveri  Is  selling  units  to  go  into  the  Opel  Diesel  car,  the  first  to  bene¬ 
fit  from  wave  rotor  technology. 


SUPERCHARGING  WITH  COMPREX 

Prof.  M.  Berchtold,  Swiss  Federal  Institute  of  Technology, 
Ziirich  /  Switzerland 


Historv 


The  idea  of  interchange  of  energy  by  direct  impingement  of  gases  dates  back 
to  the  time  at  the  beginning  of  this  century  when  BUchi  proposed  exhaust 
gas  driven  turbosupercharging  of  Diesel  engines.  A  patent  of  Burghard  des¬ 
cribes  the  cell  rotor  admitting  gases  through  segmented  stator  ports.  The 
idea  forgotten  came  up  again  in  the  late  thirties  when  the  principle  was 
used  as  a  heat  pump  with  air  as  the  working  fluid.  Brown  Boveri  who  was 
building  the  device  for  a  customer  realized  that  design  modifications  were 
needed  to  account  for  nonsteady  flow  phenomena.  The  patent  by  C.  Seippel 
describes  the  operation  and  the  timing  requirements.  Later,  the  pressure 
wave  energy  exchanger  named  Comprex  to  indicate  its  capability  of  compres¬ 
sor-expander  was  used  as  the  upper  stage  of  a  gasturbine  engine.  Whereas 
good  efficiencies  were  obtained,  rotors  could  not  be  built  to  stay  together. 
In  the  early  fifties,  the  potential  of  the  Comprex  as  a  Diesel  engine 
supercharger  was  recognized.  After  the  first  units  were  constructed  and 
tested  on  vehicular  Diesel  engines  in  the  USA,  Brown  Boveri  in  Switzer¬ 
land  initiated  a  concentrated  effort  to  develop  the  Comprex  to  meet  the  re¬ 
quirements  of  its  practical  realization. 


The  Principle  of  Operation 

The  schematic  arrangement  of  the  Comprex  as  exhaust  gas  driven  Diesel  en¬ 
gine  supercharger  is  shown  in  Fig.  1.  The  rotor  B  has  straight  axial  chan¬ 
nels  of  constant  cross  section,  also  called  cells.  The  stators  on  both 
sides  of  the  rotor  have  segmented  openings  registering  with  the  rotor  pas¬ 
sages.  The  ducting  F  for  air  entering  the  rotor  and  for  the  discharge  of 
compressed  air  E  are  connected  to  the  cold  stator.  The  duct  for  compressed 
hot  gas  D  and  the  duct  for  hot  gas  discharge  G  are  connected  to  the  hot 
stator.  The  rotor  assumes  essentially  a  valving  function.  The  belt  drive  C 
is  needed  to  overcome  bearing-,  windage-  and  friction-losses.  The  energy 
exchange  comes  from  direct  interaction  of  the  gas  to  be  expanded,  passed 
on  to  the  air  to  be  compressed. 

The  mode  of  operation  can  best  b«  explained  considering  the  axial  rotor 
channels  to  be  unwrapped  into  the  projection  plane  Fig.  2.  The  ports  in  the 
cold  stator  on  the  left  side  and  the  ports  in  the  hot  stator  on  the  right 
side  are  stationary.  The  duct  E  for  the  compressed  air  connects  to  the  en¬ 
gine  intake  manifold  E.  The  duct  D  for  the  exhaust  gas  collected  in  the  ex¬ 
haust  manifold  A  leads  into  the  rotor.  The  turning  of  the  rotor  is  represen¬ 
ted  by  the  rotor  cells  moving  from  the  top  on  down.  The  ports  thus  open  and 
close  according  to  the  schedule  determined  by  the  geometrical  location  of 
the  ports  and  the  downward  speed  of  the  rotor.  The  requirements  for  the 
timing  of  the  compression-  and  expansion-waves  are  best  understood  by  the 
description  of  the  cycle. 

The  explanation  begin*  on  top  of  Fig.  2  where  the  rotor  is  filled  with 
air  at  rest  below  ambient  pressure.  The  cell  opening  to  the  exhaust  gas  port 
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allows  the  gas  to  enter  the  rotor  due  to  the  large  pressure  difference.  The 
air  at  rest  has  to  be  pushed  forward  producing  a  compression  wave.  The  wave 
front  progressing  faster  than  the  speed  of  sound  simultaneously  compresses 
and  accelerates  the  air.  As  the  wave  reaches  the  cold  stator,  the  discharge 
port  is  opened  and  allows  the  compressed  air  to  enter  the  stationary  duct  E 
leading  to  the  engine  intake  manifold  E.  The  kinetic  energy  is  partly  con¬ 
verted  into  pressure.  The  speed  of  the  gas  and  the  speed  of  the  compressed 
air  are  about  equal.  This  also  is  the  speed  of  the  interface.  As  Fig.  2  in¬ 
dicates,  this  speed  is  far  below  the  speed  of  the  compression  wave.  It  is 
this  physical  phenomenon  which  makes  the  efficient  transfer  of  energy  by 
direct  interaction  possible. 

The  compressed  air  discharge  port  closes  prior  to  the  arrival  of  the  inter¬ 
face  preventing  exhaust  gas. to  be  recirculated  into  the  engine.  Some  of  the 
air  which  has  been  contaminated  due  to  mixing  at  the  interface  remains  in 
the  rotor  cell.  As  the  exhaust  gas  intake  port  is  closed  a  rarefaction  or 
expansion  wave  is  generated.  The  deceleration  of  the  gas  to  standstill  at 
the  wave  front  occurs  with  the  simultaneous  expansion.  Now  the  rotor  is 
filled  with  exhaust  gas  and  some  air,  both  at  rest.  The  pressure  is  still 
considerably  above  ambient.  This  remaining  pressure  furnishes  the  energy  to 
scavenge  the  cell,  namely  to  replace  the  exhaust  gas  by  air.  The  opening  of 
the  exhaust  gas  discharge  port  induces  the  second  rarefaction  or  expansion 
wave,  thus  generating  the  outflow  into  the  exhaust  duct  G,  First  the  gas  and 
then  the  air  in  contact  is  being  traversed  by  the  expansion  wave.  The  full 
content  of  the  rotor  cell  is  set  in  motion.  At  this  time  the  air  intake 
opens  and  the  inertia  of  the  gas  column  draws  in  the  air.  As  the  cell  has 
been  scavenged  the  exhaust  discharge  port  is  being  closed.  Prior  to  this 
time  the  air  intake  has  also  been  cl.  d,  thus  producing  another,  however 
rather  weak  expansion  wave  decelerating  the  air  to  standstill.  The  pressure 
of  the  air  at  rest  is  subambient.  The  cell  is  now  ready  for  the  next  qycle. 

The  pressure  of  the  air  obtained  In  the  intake  manifold  E  is  determined  by 
the  strength  of  the  compression  wave  which  again  is  a  function  of  the  en¬ 
gine  exhaust  discharge  pressure.  This  again  depends  on  the  exhaust  gas  tem¬ 
perature  leaving  the  engine.  As  the  mass-flows  to  and  from  the  engine  are 
essentially  equal,  the  power  to  be  gained  by  the  expansion  of  the  hot  ex¬ 
haust  gas  is  sufficient  to  obtain  a  somewhat  higher  pressure  of  the  cold 
air  to  be  compressed,  part  of  the  surplus  power  cow»th«  in*fficl«ncl«s. 
There  are  losses  due  to  the  finite  clearance  between  rotor  and  stators. 
Furthermore,  there  are  losses  due  to  Incomplete  recovery  of  kinetic  energy 
of  the  compressed  air  in  the  duct  E  and  of  the  exhaust  gases  leaving  the 
rotor  through  duct  G.  Losses  are  caused  also  during  opening  and  closing 
of  the  cells  passing  the  radial  edges  of  the  stator  ports.  The  effect  of 
heat  exchange  superimposed  to  the  compression  and  expansion  energy  ex¬ 
change  makes  the  processes  non-adiabatic.  This  Is  a  distinct  difference 
from  the  adiabatic  compression  and  expansion  in  turbomachines.  Work  dissipa¬ 
tion  due  to  flow  friction  on  the  cell  walls  brings  a  further  deviation  from 
the  isentropic  changes  of  state.  The  losses  due  to  irreversibilities  in 
the  compression  wave  are  insignificant.  The  design  point  Including 
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the  total  of  all  losses  reveals  overall  combined  energy  efficiencies  of 
74  %.  This  makes  the  Comprex  competitive  with  turbosuperchargers . 


Matching  the  Comprex  to  Engine  Demands 


A  practical  supercharger  has  to  function  over  a  wide  operating  range.  Vehi¬ 
cular  engines  in  particular  are  rather  challenging  in  this  respect. 


The  rotor  as  shown  above  has  to  be  driven  by  the  engine.  V  belts  are  well 
accepted  on  vehicular  engines  for  generator-and-fan  drives.  This,  however, 
makes  the  Comprex  speed  range  as  wide  as  the  engine  speed  range,  namely  up 
to  1:4.  At  low  Comprex  speed  the  main  compression  wave  arrives  far  too 
early  at  the  cold  stator  with  the  result  that  the  compression  wave  is  being 
reflected  at  the  closed  end  of  the  rotor  cell  creating  a  high  pressure  of 
no  use.  This  wave  returning  to  the  exhaust  gas  intake  disrupts  the  timing 
with  the  effect  of  flow  reversal  and  with  a  complete  breakdown  of  performance. 
A  number  of  simple  means  have  been  found  which  help  to  overcome  the  disadvan¬ 
tage  of  wave  mistiming.  The  wide  speed  operation  has  been  realized  by  the 
use  of  additional  stator  ports  which,  however,  are  not  connected  to  any  duct. 
The  ports  allow  the  air  in  the  rotor  to  flow  out  and  to  enter  the  rotor  into 
the  adjacent  cell.  In  the  case  of  the  early  arrival  of  the  compression  wave, 
only  partial  reflexion  occurs.  The  reflected  wave  arrives  at  the  hot  sta¬ 
tor  at  the  time  the  inflow  of  exhaust  gas  into  the  rotor  has  started.  The 
wave  prevents  the  inflow  over  a  segment  of  the  port.  The  flow  of  exhaust  gas 
is  reduced  which  matches  the  lower  flow  at  reduced  engine  speed.  This  appears 
to  the  engine  to  have  the  same  effect  as  variable  geometry  of  a  turbocharger. 
A  similar  pocket  is  supplied  with  exhaust  gas.  The  secondary  wave  generated 
by  this  pocket  enters  into  a  corresponding  pocket  in  the  cold  stator.  The 
effect  of  these  pockets  sustains  scavenging  of  the  rotor  cells  at  low  rotor 
speeds.  In  Fig.  3  the  essential  components  of  a  Comprex  unit  are  shown. 

The  main  ports  and  the  axiliary  ports  (as  pockets)  are  visible.  The  letters 
indicating  the  ports  agree  with  the  duct  designation  of  Fig.  1.  The  letters 
HIK  refer  to  the  pockets.  The  stators,  contrary  to  Fig.  1  and  2,  are  built 
to  produce  two  complete  cycles  per  revolution  of  the  rotor.  This  has  the 
advantage  of  symmetry  in  the  stator  design.  At  equal  rotor  speed  the  rotor 
length  is  half  which  makes  the  unit  lighter  and  more  compact. 

The  Comprex  having  a  porting  configuration  to  give  a  wide  speed  range  for¬ 
tunately  meets  the  massflow  demand  of  the  engine.  This  results  in  a  nearly 
constant  engine  intake  manifold  pressure  for  constant  exhaust  gas  tempera¬ 
ture  In  a  reasonably  wide  speed  range  of  the  engine. 

The  requirements  for  passenger  car-  and  truck-engines  as  well  as  the  capabi¬ 
lity  of  rapid  load  changes  are  being  discussed  in  the  second  part  of  the 
paper. 

In  the  supercharger  version  the  peak  efficiency  has  to  be  sacrificed  in 
favour  of  the  wide  speed  range  capacity.  Yet  the  efficiencies  are  competi¬ 
tive  with  turbosuperchargers  which  need  bypass  blowoff  valves  causing  a  con¬ 
siderable  loss  in  efficiency  at  high  engine  speed. 
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The  Comprex  can  be  analysed  theoretically  using  the  method  of  characteristics. 
The  assumption  of  onedimensional  flow  can  be  refined  to  take  care  of  partial 
opening  losses,  leakage  losses,  as  well  as  heattransfer-  and  friction-losses. 
Integration  of  the  theoretical  intake-  and  exhaust  velocity  profiles  gives 
remarkably  precise  duplication  of  measured  performance.  The  cycle  calcula¬ 
tion  using  the  graphical  method  of  characteristics  is  rather  a  demanding 
and  time  consuming  process.  Whereas  it  is  possible  to  computerize  the  cal¬ 
culations,  it  is  still  difficult  to  introduce  complicated  boundary  condi¬ 
tions  such  as  pockets  since  massbalances  will  have  to  be  fulfilled  for  the 
main  ports  as  well  as  for  the  pockets.  The  graphical  method  of  analysis  can 
be  made  with  grossly  simplified  assumptions.  It  is  most  instructive  since  it 
allows  to  understand  the  phenomena  which  determine  basically  the  functioning 
of  the  Comprex. 
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Fig. 2.  Unwrapped  Rotor  Cells 
Wave  Propagation  and 
Air-resp.  Gas-flow  schedule. 
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SUPERCHARGING  WITH  COMPREX.  APPLICATION  AND  EXPERIENCE 
Prof.  Max  Berchtold,  ETH,  Zurich;  Andreas  Mayer,  Brown  Boveri,  Baden 


Introduction 

Today  almost  all  Diesel  engines  of  power  output  higher  than  400  kW  are  tur- 
bosupercharged.  Brown  Boveri  has  contributed  significantly  in  raising  the 
level  of  supercharging  technology.  A  triplication  of  the  power  output  com¬ 
pared  to  the  naturally  aspirated  engine  of  equal  displacement  has  become  an 
accepted  standard. 

Supercharging  is  broadly  applied  to  Diesel  engines  for  trucks,  buses,  farm 
machinery  and  earth  moving  equipment.  Here  the  operational  requirements  are 
more  demanding  due  to  the  frequent  load  changes  and  the  wide  engine  speed 
range.  The  reason  for  the  wide  use  of  the  Diesel  engine  is  the  high  fuel 
economy  and  the  long  durability.  The  passenger  car  Diesel  which  has  become 
more  widely  considered  has  to  meet  the  challenge  of  high  fuel  economy.  The 
requirements  for  the  wider  engine  speed  range  and  the  instantaneous  load  re- 
spone  are  well  recognized.  Noise  levels,  acceptable  for  trucks,  have  to  be 
reduced  substantially.  The  emission  levels  reached  in  spark  ignited  engines 
only  with  sophisticated  exhaust  gas  after  treatment,  are  met  by  the  Diesel 
engine  with  respect  to  carbon  dioxyd  and  hydrocarbons.  Nitric  oxyd  and  par¬ 
ticulates,  however,  as  well  as  the  unpleasant  odour  are  of  primary  concern. 

The  low  Diesel  engine  power  output  compared  to  gasoline  engines  of  equal 
weight  makes  supercharging  mandatory.  The  Comprex  pressure-wave  supercharger 
has  proven  its  capability  to  meet  these  requirements  of  the  passenger  car 
Diesel  engine. 

Tests  of  supercharging  Oiesel  engines  with  the  Comprex  go  back  over  20  years. 
The  first  prototype  units  have  been  tested  and  evaluated  in  a  vehicular  ap¬ 
plication  in  1969  on  a  heavy  duty  truck,  built  by  the  Saurer  Company  in 
Switzerland.  The  performance  expectations  have  been  met.  A  number  of  prob¬ 
lems,  however,  had  to  be  solved  to  make  this  new  device  suitable  for  practi¬ 
cal  use  and  to  become  competitive  in  price  with  the  conventional  exhaust  gas 
driven  turbocompressor. 


Manufacturing  Technology 

In  order  to  meet  durability  at  low  cost,  a  rotor  casting  process  had  to  be 
developed.  A  tremendous  effort  led  to  a  sophisticated  technique,  capable  of 
producing  rotors  which  have  numerous  advantages  over  the  older  rotor  con¬ 
struction,  using  sheet  metal  blades  brazed  into  slots  in  the  hub  and  the 
shroud.  The  casting  technique  allows  to  form  the  blade  joints  at  the  hub 
and  the  tip  without  local  stress  concentration.  The  intermediate  shroud 
permits  the  stresses  due  to  different  temperatures  between  the  hub  and 
the  shroud  to  be  relieved.  Previously  this  has  been  obtained  by  curved 
blades  in  radial  direction.  The  alloy  for  the  rotors  is  of  a  low  coeffi¬ 
cient  of  thermal  expansion.  Furthermore,  it  has  a  high  oxydation  resis¬ 
tance.  Operating  gas  temperatures  up  to  850°  C  can  readily  be  handled.  The 
casting  facility  is  shown  in  Fig.  1. 


Precision  casting  techniques  also  are  being  applied  to  the  stator  castings. 
The  porting  geometry  meets  the  tolerance  requirements  without  expensive 
machining  operations. 

The  Comprex  rpm  being  between  8000  and  25000  depending  on  the  airflow  capa¬ 
city,  presents  no  problem  to  bearing  design.  The  bearings  are  supplied  by 
the  engine  oil  pump.  Rubbing  seals  are  used  to  prevent  oil  from  entering  the 
air  passages  or  dirt  to  get  into  the  oil  return  line.  The  partially  segmen¬ 
ted  Comprex,  Fig.  2,  shows  the  shaft  and  bearing  arrangement. 

Refinements  in  the  stator  design  have  resulted  in  a  substantial  weight  re¬ 
duction.  The  unit  is  supported  by  the  exhaust  gas  collector,  an  arrangement 
well  proven  by  the  mounting  of  turbo  superchargers. 


Noise  emission 

The  previous  sheet  metal  rotor  produced  a  narrow  frequencyband  noise  of  a 
rather  penetrating  character.  The  effective  dampening  to  a  permissible  level 
turned  out  to  be  difficult.  Cells  of  uneven  width  in  random  pattern  gave  a 
significant  reduction  in  noise.  The  cast  rotor  with  the  intermediate  shroud 
in  variable  cell  width  and  shifted  cell  partitions  also  for  reasons  of 
stress  relief  gave  an  even  greater  noise  reduction  of  10  db.  The  additional 
means  for  treatment  of  the  remaining  noise  can  thus  be  less  effective.  The 
noise  emission  spectra  for  the  two  different  rotors  is  shown  in  Fig.  3. 


Exhaust  Gas  Recirculation 

Diesel  emit.es  operating  at  low  bmep  produce  NO  even  though  the  mean  tempe¬ 
rature  is  far  below  the  stoechiometric  combustion  end  temperature.  The 
burning,  however,  always  takes  place  at  the  zone  of  stoechiometric  mixture. 
The  local  burning  temperature  therefore  is  as  high  as  at  full  load.  A  re¬ 
duction  of  the  reaction  heat  thus  calls  for  a  reduction  of  oxygen  concentra¬ 
tion.  This  is  obtained  by  exhaust  gas  recirculation,  reducing  the  stoechio¬ 
metric  peak  cycle  temperature  determining  the  NQx  equilibrium.  A  simple  val¬ 
ving-  and  control  system  is  used  to  have  some  exhaust  gas  bypassed  into  the 
engine  at  part  load.  At  full  load,  the  recirculation  which  causes  a  reduc¬ 
tion  of  power  output  is  undesired.  Fortunately,  the  Comprex  by  its  principle 
of  operation  has  a  sufficient  amount  of  internal  exhaust  gas  recirculation 
in  the  particular  desired  engine  operating  regime.  Fig.  4  indicates  the 
amounts  of  recirculation  for  different  operating  conditions.  The  N0X  reduc¬ 
tion  comes  to  20  %  at  low  load. 


Potential  Power  Output  Gain  by  Supercharging 

The  requirements  for  the  supercharging  of  Diesel  engines  depend  on  the  ap¬ 
plication.  Passenger  car  engines  are  the  most  demanding.  The  high  torque  at 
low  engine  speed,  combined  with  the  request  of  rapid  load  response  is  typi¬ 
cal.  Whereas  the  turbosupercharger,  combined  with  a  turbine  bypass  valve. 
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is  capable  of  building  up  a  sufficient  manifold  pressure  at  low  speed,  it 
is  not  giving  the  response.  At  high  engine  speed,  the  limited  turbine  flow 
capacity  calls  for  opening  the  bypass  in  order  to  prevent  the  manifold  pres¬ 
sure  from  exeeding  permissible  limits.  The  compressor  stability,  however, 
remains  to  be  a  problem. 

In  the  case  of  a  more  narrow  speed  range,  such  as  in  traction  engines  with 
multiple  speed  gearboxes,  the  waste  gate  hookup  can  be  used  to  a  pressure 
ratio  level  of  3.  About  the  same  limitations  exist  for  the  Comprex  as  far 
as  speed  range  and  pressure  ratio.  Fig.  5  shows  the  ranges  for  passenger 
car  and  truck  engines. 

As  special  engine  applications  call  for  higher  levels  of  supercharging,  two 
stage  supercharging  appears  to  be  the  best  solution  to  meet  the  vehicular 
requirements.  It  has  been  found  that  the  combination  of  the  Comprex  as  the 
low  pressure  stage  and  a  turbocharger  as  the  high  stage  offers  significant 
advantages  both  with  respect  to  high  speed  range  and  high  response.  A  peak 
bmep  level  of  27  bar  ata  at  a  manifold  pressure  ratio  up  to  6  has  been  de¬ 
monstrated.  The  tests  have  confirmed  the  performance  expectations.  A  six 
cylinder  Caterpillar  engine  has  been  used  which  has  been  equipped  with  a 
fuel  pump  of  higher  capacity  and  with  shorter  pistons  reducing  the  compres¬ 
sion  ratio  to  12.  Furthermore,  it  became  necessary  to  install  a  device  for 
adjustment  of  the  injection  timing. 

Cooling  of  the  charge  air  lowers  the  peak  cycle  pressure  in  all  cases  and 
thus  the  thermal  loading  of  the  critical  engine  components. 


Comprex  Superchargers  for  Wide  Range  of  Engine  Capacity 

At  the  first  stage  of  development,  a  series  of  Comprex  units  has  been  de¬ 
signed  to  meet  the  range  of  power  output  from  80  to  450  kW  (Fig.  6  and  7). 
The  units  are  of  geometrical  similar  design.  They  have  been  extensively 
tested  for  endurance  both  in  teststand-  as  well  as  in  vehicular  use.  Life 
expectancy  of  8  to  10000  hours  is  well  within  reach.  The  only  wear  has  been 
found  in  the  shaft  rubbing  seals.  During  engine  overhawl ,  these  parts  can 
easily  be  replaced.  The  V  belt  for  the  rotor  drive  matches1  the  belt  life 
of  the  generator-  and  fan  belt  drives.  Trucks  have  been  operated  over  two 
million  kilometers  at  satisfactory  reliability  (Fig.  8). 

Comprex  supercharging  of  passenger  car  engines  has  been  started  relatively 
recent.  1978,  an  Opel  2,1  liter  Diesel  engine  has  first  been  tested  with 
the  Comprex.  Excellent  response  at  low  speed  engine  up  to  a  high  torque 
were  the  convincing  features  of  this  first  test.  In  the  further  development, 
the  Comprex  was  adapted  to  meet  the  higher  engine  speed  range.  The  somewhat 
lower  supercharging  levels,  sufficient  for  passenger  car  engines,  allowed 
to  Increase  the  flow  capacity  for  a  given  rotor  size.  Thus,  a  smaller 
Comprex  matches  the  demands  of  the  same  engine. 

As  light  weight  passenger  cars  need  less  power  (engines  of  the  1  liter 
class),  smaller  units  have  been  added  to  the  existing  series.  The  power 
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range  has  thus  been  extended  down  to  30  kW.  This  Comprex  is  equivalent  in 
weight  to  the  turbochargers  of  equal  capacity  (Fig.  9  and  10). 

A  comparison  of  efficiencies  can  be  seen  at  Fig.  11.  It  should  be  pointed 
out  that  there  is  no  efficiency  deterioration  with  down-sizing.  The  effi¬ 
ciencies  given  refer  to  a  representative  average  engine  operating  point. 

The  compression  efficiency  based  on  an  isentropic  temperature  rises  as  high 
as  90  %.  The  combined  efficiency  reaches  56  %  at  the  best  point.  One  should 
realize  that  the  wide  speed  range  calls  for  a  sacrifice  in  peak  performance. 
In  the  case  of  optimized  performance  for  narrow  range  or  single  point  opera¬ 
tion,  the  combined  efficiency  reaches  74  %  which  amounts  to  component  ef- 
ficencies  in  the  middle  eighties. 


Present  capabilities  of  the  Comprex: 


-  Engine  RPM  range  for  full  torque  1:  5 

-  Engine  RPM  range  between  idling  . 

and  max.  power 

-  Exhaust  temperatures  up  to  850°  C 

-  No  low  volume  limitation  (no  Surge) 

-  Automatic  altitude  correction 

-  Instantaneous  response  under  all  operating  conditions 


The  Comprex  can  meet  the  requirements  of  the  passenger  car  Diesel  engine. 

The  Comprex  offers  the  greatest  advantage  in  cases  where  frequent  and  in¬ 
stant  load  changes  are  of  significance!  combined  with  a  wide  engine  speed 
range  operation. 

Fig.  12  shows  the  torque  curves  for  different  levels  of  supercharging.  In 
single  stage  supercharging  peak  mean,  effective  pressures  up  to  20  bars  are 
possible,  whereas  two  stage  (combined  Comprex  turbosupercharger)  super¬ 
charging  yields  up  to  28  bars. 

The  largest  Comprex  units  are  designed  to  be  used  in  earth  moving  equipment. 
In  this  application,  the  capability  of  producing  a  high  torque,  a  low  en¬ 
gine  speed  without  delay  in  torque  rise  is  of  primary  concern.  The  frontend 
loader  is  shown  in  Fig.  13.  Fig.  14  refers  to  a  typical  work  cycle  of  load¬ 
ing,  transporting  and  unloading.  The  best  judgment  can  be  made  by  comparing 
the  performance  of  the  same  piece  of  equipment  using  the  same  Diesel  en¬ 
gine,  the  same  power  shift  transmission  in  one  case  with  the  Comprex  and  in 
the  other  with  a  turbosupercharger.  The  maximal  fuel  input  for  both  injec¬ 
tion  pump  is  the  same.  The  performance  advantage  of  the  Comprex  over  the 
turbocharger  becomes  apparent.  The  gain  in  transportation  volume  was  estab¬ 
lished  to  be  between  9  and  16  %.  The  difference  was  due  to  the  ability  of 
the  driver.  In  cases  of  a  more  demanding  mission,  the  advantage  of  the 
Comprex  was  even  more  pronounced.  If  one  considers  the  cost  (equipment  amor¬ 
tisation,  wages  and  fuel),  the  cost  difference  of  the  Comprex  vs  the  turbo¬ 
charger  is  totaly  insignificant.  The  drivers  expressed  their  favorable  opin¬ 
ion  regarding  the  advantages  due  to  the  higher  load  capability. 


Again  the  specific  power  requirement  of  this  type  of  equipment  is  well  suit¬ 
ed  for  a  Comprex  supercharged  Diesel  engine.  The  Finish  Company  Valmet  has 
been  the  first  engine  and  tractor  builder  to  install  the  Comprex  as  standard 
equipment.  The  production  advantage  is  particularly  significant  since  the 
thrust  force  to  push  the  plough  varies  as  much  as  50  %,  depending  on  the 
compactness  of  the  earth.  The  ability  to  continue  the  operation  through  a 
segment  of  increased  resistance  is  of  primary  importance.  The  capability  of 
a  substantial  torque  rise  with  decreasing  engine  speed  represents  the  essen-' 
tial  feature.  In  case  of  a  stall  with  turbocharged? engines,  the  tractor  has 
to  start  up  again  loosing  time  and  thus  production.  As  fluctuations  occur 
at  short  intervalls,  stalls  can  become  very  frequdht.  Operating  at  part  load 
at  a  lower  gear  ensures  the  availability  of  extrtf'th'rust  to  pull  through  a 
higher  drag  section.  This  means  lower  utilization  of  the  equipment.  More 
time  is  needed  for  ploughing  the  same  area.  A  power  shift  gear  can  overcome 
some  of  the  disadvantages.  However,  the  added  Comprex  cost  offsets  the 
price  of  the  power  shift  gear.  The  Valmet  tractor  is  shown  in  Fig.  15. 

A  Steyr  Daimler  Puch  Tractor  has  been  tested  with  a  Comprex  utilizing  com¬ 
pressed  air  intercooling.  In  this  case,  the  torque  rise  was  as  much  as  38  %. 
This  allowed  the  tractor  to  operate  at  lower  engine  speed  at  the  normal 
ploughing  speed  with  a  considerable  fuel  serving.  The  high  torque  at  low 
speed  engine  proved  to  start  up  the  tractor  wi thout  excessive  clutch  abuse. 


The  Comprex  in  the  Truck  Engine 


Modem  direct  Injection  engines  are  known  for  their  high  efficiency.  A  fur¬ 
ther  improvement,  thus,  can  only  be  realized  by  lowering  the  engine  speed 
at  equal  power  which  means  a  torque  increase  by  rising  the  manifold  pressure. 
This  again  is  the  domain  of  the  Comprex,  capable  to  lower  fuel  consumption 
without  additional  control  means  such  as  a  waste  gate.  Lowering  the  speed 
also  lowers  noise  emission.  The  advantage  of  fewer  gear  shiftings  and  the 
use  of  a  gear  box  with  fewer  stages  should  be  considered  in  evaluating  the 
economy  of  the  Comprex  supercharger. 


The  Comprex  in  the  Passenger  Car 

The  introduction  of  Diesel  engines  in  passenger  cars  has  primarely  been  ini¬ 
tiated  by  the  attractive  fuel  economy.  The  fact  that  this  engine  realizes  a 
stratified  charge  concept  makes  it  also  more  favorable  with  respect  to  emis¬ 
sions  without  the  need  for  expensive  devices  for  exhaust  gas  after  treatment. 
The  lower  power  output  at  equal  displacement  and  equal  weight  calls  for  su¬ 
percharging.  The  torque  shape  and  response  should  be  as  good  as  with  the 
standard  gasoline  engine.  The  Comprex  meets  this  requirement.  The  passenger 
car  engine  has  its  most  frequent  use  in  the  middle  range  of  rpm  at  about 
one  third  of  its  peak  torque.  At  this  regime,  the  thermal  efficiency  of  the 
gasoline  engine  is  about  two  thirds  of  the  peak  efficiency.  The  Comprex  su¬ 
percharged  Diesel  engine,  both  with  indirect  and  direct  injection  at  equiva¬ 
lent  part  load,  has  a  thermal  efficiency  equal  or  better  than  the  gasoline 
engine  at  peak  torque. 


The  fuel  savings  with  Diesel  powered  passenger  cars  are  therefore  substan¬ 
tial.  The  mixture  enrichment  in  the  gasoline  engine  warmup  period  makes  up 
for  a  20  %  fuel  consumption  increase  in  the  first  5  km.  The  Diesel  engine 
does  not  need  such  modifications. 

In  1978,  the  first  Comprex  supercharger  fitted  to  a  passenger  car  engine  hac 
the  Comet  combustion  chamber.  The  torque  curve  1,  Fig.  16  shows  the 
moderate  gain  reached  at  that  time  which  agreed  with  the  torque  curve  of  the 
turbocharged  engine.  In  driving  the  car,  the  response  made  the  car  seem  con¬ 
siderably  more  powerful. 

Based  on  the  experience  with  Comprex  supercharged  truck  engines,  the  bmep 
compared  to  naturally  aspirated  engines  was  still  quite  moderate.  Due  to 
the  larger  engine  speed  range  of  passenger  cars,  compared  to  the  relatively 
narrow  speed  range  of  truck  engines,  made  the  torque  at  low  engine  speed 
fall  off  below  acceptable  levels.  High  torques  at  one  quarter  of  the  max. 
engine  speed  are  taken  for  granted  in  gasoline  engines. In  this  range  addi¬ 
tional  development  efforts  were  concentrated.  It  was  found  that  strong  pres¬ 
sure  pulsations  occurred  in  the  engine  exhaust  gas  collector  which  disturbec 
the  Comprex  performance.  A  modification  of  the  stator  geometry  has  been 
established  to  correct  this  disadvantage.  Curve  2  in  Fig.  16  indicates 
the  substantial  gain.  At  the  same  time,  the  flow  capacity  has  been  increased 
thus  allowing  to  reduce  the  rotor  diameter  from  a  diameter  of  112  mm  to  93  n 
A  Comprex  weight  reduction  to  about  60  %  of  the  previous  weight,  needless  tc 
say,  brings  several  advantages. 

The  intake  manifold  pressure  ratio  in  the  low  speed  range  is  now  between 
1.4  and  1.5.  If  a  charge  air  cooler  is  incorporated,  a  density  ratio  of 
about  1.4  means  a  bmep  of  10  bar  at  .25  of  peak  engine  speed.  In  the  mean 
engine  speed  range  a  bmep  of  nearly  the  double  of  its  naturally  aspired 
counterpart  was  obtained.  At  max.  engine  speed,  the  bmep  gain  is  falling 
to  about  30  to  40  «.  Here  the  cycle  peak  pressure  represents  the  limiting 
factor.  One  should  be  aware  that  engine  size  and  gear  box  ratios  should  be 
selected  carefully.  In  doing  this,  the  criterion  of  available  excess  power 
at  a  car  speed  of  40  km/h  to  produce  an  acceleration  of  0,7  m/sec2  should 
be  considered.  This  would  permit  a  reduction  of  the  engine  displacement  in 
the  Opel  engine  to  1,64  liter  or  to  increase  the  vehicle  mass  proportional!) 
The  fuel  consumption  has  been  measured  on  the  vehicle  dynamometer  with  a 
2  liter  engine  assuming  the  heavy  vehicle.  The  expected  fuel  consumption 
for  the  Opel  with  tne  1,64  displacement  engine  has  then  been  established  by 
calculation.  The  results  are  presented  in  Fig.  17  as  a  comparison. 

In  order  to  fully  benefit  from  the  potential  fuel  saving  with  no  sacrifice 
in  car  performance,  the  following  requirements  will  have  to  be  met: 

-  A  high  degree  of  supercharging  in  the  entire  engine 
operating  speed  range. 

-  Availability  of  full  torque  within  0.5  sec, 

-  High  thermal  efficiency  in  the  medium  engine  speed  range  at  a 
bmep  level  of  4  bar  to  be  within  10  X  to  the  peak  efficiency  of 
32.6  %  fcqual  to  260  gr/kWh).  Future  direct  engines  will  be  15  % 
better. 


High  torque  at  low  engine  speed  allows  engine  utilization  with  very  much 
lower  noise  emissions. 

The  Comprex  has  received  much  attention  lately  for  its  potential  use  in  pas¬ 
senger  car  Oiesel  engines.  The  3  liter  6  cylinder  engine  in  the  Daimler-Benz 
as  well  as  the  1.2  liter  3  cylinder  engine  in  the  VW  represents  the  extremes 
of  the  wide  range  of  application  evaluation.  Both  engines  with  indirect  and 
direct  injection,  with  and  without  charge  air  cooling  are  being  tested. 

There  are  cars  with  manual  gear  shift  and  with  automatic  transmission.  En¬ 
gines  have  to  be  designed  sufficiently  rugged  to  be  supercharged  to  a  mani¬ 
fold  pressure  ratio  of  2. Air  cleaner  and  exhaust  mufflers  have  to  be  laid 
out  for  low  pressure  drop  at  the  larger  air  and  exhaust  gas  flows. 

An  application  of  a  small  Diesel  engine  supercharged  by  the  Comprex  is  being 
tested  in  the  Steyr-Daimler-Puch  jeep.  This  vehicle,  shown  in  Fig.  18, 
demonstrates  the  specific  advantages  of  the  new  system  having  a  high  torque 
in  the  full  range  of  engine  speed. 

Fig.  19  represents  a  typical  Comprex  installation  on  a  vehicular  Diesel  en¬ 
gine.  In  order  to  simplify  the  beltdrive,  the  Comprex  is  placed  in  such  a 
way  that  the  belt  pulley  is  in  the  plane  of  the  V  beltdrive  for  the  electric 
generator.  The  Comprex  is  bolted  to  the  exhaust  gas  collector.  This  elimi¬ 
nates  the  need  for  flexible  expansion  joints.  As  the  drive  power  is  quite 
small,  the  belt  force  driving  the  Comprex  rotor  is  insignificant.  An  idler 
pulley  is  used  to  adjust  the  belt  tension.  The  piping  of  the  compressed 
air  is  flexibly  mounted  with  rubber  sleeves.  For  starting  the  engine,  a 
simple  small  alternate  air  intake  valve  is  provided  in  the  compressed  air 
duct.  The  spring  loaded  valve  opens  automatically  by  the  vacuum  when  the  en¬ 
gine  is  turned  over  by  the  electric  starter.  The  over  all  installation  is 
simple  since  there  is  no  need  for  a  hot  bypass  valve  with  controls.  Also 
no  control  means  are  necessary  to  limit  the  fuel  input  during  transients. 


Summary 

The  Comprex  represents  a  new  principle  suitable  to  supercharge  vehicular 
Diesel  engines  with  requirements  for  a  wide  speed  range  operation  and  for 
rapid  response  to  load  changes.  The  device  operating  at  low  speed  is  simple 
in  its  design.  Emission-  and  the  noise  standards  can  be  met. 
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Gas  Dynamics  of  Pressure-Wave  Supercharging 
Dr . L. Matthews,  SBC  Brown  Boveri,  Baden, Swi tier  1  and 

The  aim  of  this  project  is  to  achieve  a  further  improvement  in 
the  design  of  pressure-wave  <PW>  machines  through  a  detailed 
investigation  of  the  aerodynamics.  Such  an  optimisation  is  only 
possible  by  applying  sophisticated  measurement  techniques  and 
advanced  computational  methods. 

PW  machines  can  be  utilised  wherever  an  exchange  of  energy  is 
necessary,  possibly  accompanyed  by  heat  transfer  and/or  mass 
transfer.  The  supercharging  of  automobile  engines  is  an  application 
where  considerable  energy  economy  can  be  realised  by  direct 
transfer  of  energy  from  the  exhaust  gases  to  the  inlet  air.  The  BBC 
Brown  Boveri  COHPREl  "  supercharger  is  such  a  PW  machine  and  the 
theme  of  this  study. 

The  intensive  Comprex  development  activity  ranges  from  testing 
road  vehicles,  experiments  in  engine  test  cells  and  combustion  rigs 
to  basic  research  of  the  PW  process  in  the  "MessComprex  *'  test  rig. 
The  MessComprex  is  an  idealized  PW  machine  which  permits  an 
individual  investigation  of  the  gas  dynamics  phenomena.  In  a  first 
step  the  study  is  confined  to  the  driver-gas  and  the  driven-gas  end 
is  sealed  off. 

The  experimental  research  of  the  PW  process  is  split  into 
three  activities  based  on  the  measurement  technique  employed: 

■  Global  measurements  and  measurements  of  the  boundary 
conditions  in  the  inlet  and  outlet  ports.  The  flow  parameters  were 
obtained  by  traversing  a  3-hole  probe  with  integral  thermo-element. 

•  Liiser-vel  oci  metry:  non-i  ntrusi  ve  investigation  of  the 
unsteady  flow  in  the  rotating  cell  passages.  The  velocity  and 
turbulence  vectors  at  several  axial,  c 1 rcumf rent i al  and  radial 
positions  were  measured  at  different  rotational  speeds  and  pressure 
ratios  inside  a  specially  constructed  glass  rotor. 

•  Transient  pressure  measurement s  in  the  rotor  cell  passages 
using  miniature  piezo-resistive  transducers.  The  periodic  pressures 
at  5  axial  positions  revealed  the  mtricacys  of  the  PW  process. 

The  above  measurements  provide  empirical  inputs  to  the 
computati onal  model  and  serve  the  calibration  of  the  computer 
program.  The  program  calculates  the  one-dimensional,  unsteady, 
laminar,  compressible  flow  using  the  Lax-Wendroff  scheme  with  flux 
correction  of  the  PW  fronts.  The  basic  PW  process  is  well  simulated 
by  such  a  computati onal  procedure.  The  details  of  the  superimposed 
disturbances  originating  from  the  cell-filling  process,  flow 
recirculations  ,  boundary  layers,  secondary  flow  and  high 
turbulence  levels  cannot  however  be  fully  simulated.  It  is  proposed 
to  study  these  with  a  two-dimensional  finite-volume  algorithm  such 
as  suggested  by  McCormack. 

The  detailed  experimental  investigation  of  the  idealized  PW 
process  yielded  an  unique  and  valuable  pool  of  data.  The  newly 
gained  insight  should  help  the  imminent  commercial  break  through  of 
the  CCMPREI  m  pressure-wave  superchunjer.  This  research  was  funded  by 
NEFF  (Swiss  National  Energy  Research  Fund)  and  BBC  Brown  E<over*i. 
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The  following  is  a  transcription  from  tape  of  Dr.  Lebius  Matthews’  talk. 
The  figures  could  not  be  included. 


Lebius  Matthews 


Well  gentlemen,  I  come  from  Switzerland  and  one  of  the  first  things  1  did  in 
this  country  was  to  sit  down  in  front  of  the  television  set  to  look  at  the 
academy  award  presentations;  I  thought  I  could  take  some  tips  from  the  way  the 
stars  went  about  it.  What  I  noticed  is  that  they  always  thank  everybody  and 
say  that  everything  has  only  been  possible  because  of  the  work  of  others  and 
this  is  very  true  in  my  case.  I  am  here  as  the  representative  of  a  company, 
and  the  work  I  will  be  showing  has  been  done  in  large  part  by  my  colleagues. 

I  also  want  to  say  that  it  constitutes  a  great  honor  to  be  here  in  this 
illustrious  company  and  to  be  put  in  the  same  session  with  Professors 
Kentfield,  and  Berchtold.  That  gives  me  a  clue  to  tell  you  something  about  my 
background.  I  have  a  doctorate  from  Imperial  College,  and  during  that  period  I 
had  the  chance  to  work  with  Professor  Kentfield  and  also  Professor  Spalding. 
Later  I  worked  in  the  research  laboratories  of  General  Electric  Company,  and 
now  for  the  past  decade  I  have  been  with  BBC  Brown-Boveri  in  their  research 
laboratories  in  Baden,  Switzerland.  Because  I  have  not  had  the  chance  to 
coordinate  my  presentation  with  some  of  the  things  you  have  already  heard, 
there  could  be  a  certain  amount  of  overlap,  and  I  was  distressed  to  find  that 
1  even  have  some  of  the  same  pictures  which  Professor  Berchtold  showed,  but 
that  means  we  may  get  to  lunch  a  bit  quicker,  because  I  can  just  flash  those. 

1  will  be  showing  some  slides  to  begin  with,  and  this  part  represents  the  work 
that  we  as  a  company,  as  a  whole  have  done.  Then  later  on,  I  have  a  few 
transparencies  which  are  a  sneak  preview  of  the  work  which  I  have  been  doing 
in  the  very  recent  past.  May  I  have  the  first  slide  please?  (A  view  of  the 
Comprex  Rotor)  This  picture  is  already  very  familiar  to  you  and  Professor 
Berchtold  has  already  pointed  out  to  you  the  reasons  why  this  particular 
construction  has  been  adopted,  he  has  also  told  you  how  this  variable  pitching 
helps  to  spread  the  noise  over  several  frequencies.  This  kind  of  construction 
is  mechanically  advantageous,  and  yet  another  reason  for  having  this  inbetween 
shroud,  as  it  has  been  called  today,  is  that  we  are  now  aware  that  there  are 
radial  fluctuations  of  pressure.  By  splitting  up  the  radial  height,  you  are 
effectively  cutting  t lie  amplitude  of  the  sound.  And  so  this  is  how  a  rotor 
now  looks.  To  give  you  an  idea  of  size,  the  diameter  of  this  can  be  less  than 
4  inches  (98mm),  to  be  precise,  and  the  length  is  roughly  the  same  as  the 
diameter.  A  very  wide  spectrum  of  work  is  being  done  at  BBC.  There  is  the 
work  which  we  are  doing  with  vehicles  on  the  road,  and  this  picture  shows  it. 
Here  Is  the  truck  driving  along  and  there  .are  two  of  my  colleagues  making 
noise  measurements.  Now,  Professor  Kentfield  had  said  that  noise  was  a 
possible  disadvantage  of  this  machine,  and  I  can  proudly  claim  that  we  as  a 
company,  have  licked  this  problem  and  in  fact  we  are  able  to  meet  the  most 
stringent  road  regulations.  By  chance,  they  happen  to  be  most  stringent  in 
Switzerland,  We  are  meeting  the  noise  regulations  everywhere.  There  is  no 
unpleasantness  at  all  in  the  sound  these  machines  make.  It  certainly  has  a 
distinctive  note,  hut  I  think  that  gives  it  a  touch  of  class,  because  anyone 
driving  such  a  vehicle  can  now  be  proud  that  he  has  this  special  tone.  This  is 
the  Earth  moving  machine,  or  one  like  the  one  which  Professor  Berchtold 
showed.  And  here  you  can  see  the  engine  side  by  side  with  the  vehicle  itself. 
The  Comprex  itself  is  here  and  is  belt  driven. 
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This  is  a  vehicle  engine,  I  believe  it  is  one  from  Chrysler,  but  I  am  not 
sure,  I  think  it  is  about  a  3  liter  engine  and  the  Comprex  itself  is  installed 
up  there. 

This  is  a  slide  of  an  engine  test  bed  where  the  Comprex  is  being 
tested,  with  the  engineer  sitting  in  the  control  room;  the  engine  is  behind 
the  glass  walls,  and  is  connected  to  a  water  brake,  and  with  that  I  want  to 
come  down  to  the  next  lower  level  of  our  testing.  The  first  level  is  on  the 
road,  vehicles  which  are  actually  running  and  being  driven  thousand  miles  a 
day,  in  fact  we  have  cars  that  are  on  the  road,  24  hours  of  the  day,  driven  in 
three  shifts.  This  is  the  second  level  where  we  have  the  Comprex  running  in 
engine  test  cells. 

This  is  a  closer  view  of  the  engine  which  you  saw  on  the  previous  slide  with 
the  comprex  mounted  on  it.  Because  it  is  instrumented  for  testing,  there  are  a 
lot  of  cables  and  pipes  and  signal  carrying  transmitters  all  over  the  place. 

(A  machine  inside  an  actual  car  would  not  be  so  cumbersome). 

We  have  got  a  little  bit  closer  to  it  and  you  can  see  the  ducting  carrying  the 
gasses  to  and  from  the  Comprex. 

With  this  I  would  like  to  come  to  the  third  level  of  our  research  and 
development  activity,  and  that  is  that  we  not  only  test  the  Comprex  on  road 
vehicles, and  in  engine  test  cells,  but  also  machines  which  are  fitted  to 
combustion  rigs.  There  is  no  engine  there,  but  we  burn  fuel  and  push  it 
through  the  comprex  and  make  very  detailed  tests,  varying  all  the  geometry  and 
parameters.  This  here  is  the  comprex  itself.  This  is  one  of  the  stators,  this 
is  the  other  stator,  this  is  the  shiny  casing  around  the  shroud,  and  you  can 
see  the  pipes  which  are  bringing  the  gases  to,  and  carrying  them  away  from  the 
Comprex. 

This  is  a  picture  which  you  have  seen  in  another  form  from  both  the  two 
previous  speakers,  and  they  have  done  me  a  service  by  introducing  you  to  some 
of  the  conventions  which  we  use.  Namely  that  we  present  the  diagram  in  the 
form  of  the  open  duct  rotor,  a  developed  view.  And  this  slide  helps  you  to 
see  the  process  as  it  goes  along.  The  convention  that  is  used  here  is  that 
the  red  represents  the  hot  gases,  and  the  blue  the  fresh  air,  and  if  you  look 
at  the  intensity  of  the  color,  you  can  guess  the  intensity  of  the  pressure  of 
this  gas.  Those  are  the  exhaust  gases  coming  from  the  engine,  marked  here  as 
gas  high  pressure.  This  is  the  inlet  port  on  the  gas  side,  and  then  the  high 
pressure  which  is  about  2  bars  begins  to  enter  the  cell.  This  line  which  you 
see  here  is  the  compression  wave  which  originates  from  this  edge, and  when  it 
is  correctly  laid  out  at  the  point  at  which  this  compression  reaches  the  air 
side,  the  fresh  air  side,  that  should  be  the  point  at  which  the  air,  which  is 
on  this  side  and  has  been  compressed  by  the  compression  wave,  can  now  be 
pushed  out  into  the  port  carrying  the  charge  back  to  the  engine  The 
compression  wave  reflects  from  this  edge  as  a  secondary  wave,  causing  a 
further  rise  in  pressure.  It  comes  here  to  the  gas  side  and  is  now  reflected 
as  an  expansion  wave,  the  point  where  this  expansion  wave  reaches  this  end,  is 
the  point  when  this  port  should  be  closed.  You  see  that  when  it  is  correctly 
laid  out  the  interface  doesn't  quite  reach  the  air  end  before  this  end  is 
closed  off.  Now  one  goes  into  this  phase  and  here  there  are  expansion  waves. 
At  this  point,  the  opening  of  the  exhaust  discharge  occurs  which  sets  off 
another  expansion  wave.  The  gas  which  is  inside  the  cell  is  now  pushed  out, 
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and  fresh  air  is  now  induced  through  this  port.  This  exhaust  port  is  made 
sufficiently  wide  so  that  a  fair  amount  of  scavenging  air  is  drawn  through 
which  helps  to  completely  refresh  the  contents  of  the  cell.  So  at  this  point 
the  cell  is  full  of  clean  fresh  air,  and  the  whole  process  starts  again  from 
the  top.  Now,  one  of  the  subtle  features  of  our  machine  are  these  pockets, 
that  is  the  compression  pocket  here,  an  expansion  pocket,  and  the  gas  pocket, 
and  these  geometrical  construction  features  are  what  helps  our  machines  to 
maintain  performance  at  off  design  speeds. 

Here  we  are  zooming  in  on  the  high  pressure  process  as  we  call  it,  that  is  the 
top  part  of  the  previous  picture.  These  machines  run  at  about  15,000  R.P.M  at 
design  speed,  which  means  that  the  rotor  completes  one  revolution  in  four 
railli-seconds.  We  have  shown  the  cells  drawn  at  different  positions  and  these 
positions  are  15  microseconds  apart.  The  time  if  you  like,  is  running 
downwards.  This  is  a  cell  which  is  full  of  quiescent  fresh  air  at  a  pressure 
slightly  below  atmospheric.  This  cell  is  exposed  to  the  gas  inlet.  The 
compression  wave  races  into  this  cell  at  about  sonic  speed,  and  behind  the 
compression  wave  the  pressure  rises.  Naturally  the  compression  wave  runs  at 
speeds  considerably  higher  than  the  speed  at  which  the  gas  itself  is  flowing. 
This  means  that  pressure  is  transfered  much  faster  than  the  mass.  This  is 
good  for  us  because  that  means  we  have  a  very  rapid  and  sudden  increase  in 
pressure.  Here  we  can  see  in  some  detail  the  compression  wave  being 
reflected,  and  at  this  point  you  see  the  stop  signal  which  is  released,  and  we 
have  actually  drawn  some  fans  here  to  show  the  expansion  waves.  This 
expansion  wave  is  the  signal  for  the  closing  of  the  cell,  so  when  the  cell  has 
reached  this  point,  and  before  the  interface  has  reached  the  air  end,  it  is 
closed  off  and  we  are  left  with  this  air  cushion.  This  air  cushion  has  the 
function  of  insulating  the  air  side  casing  from  the  hot  gases,  which  are  kept 
on  this  side.  Here  we  want  to  draw  attention  to  another  feature.  The  cell 
walls  are  heated  by  the  exhaust  gases  which  have  been  allowed  to  flow  in 
there.  Later  on  the  same  ceils  are  filled  with  cold  air,  which  means  the 
cells  are  being  warmed  and  cooled  alternately,  and  very  rapidly,  and  therefore 
they  assume  a  mean  temperature,  and  therefore  all  the  material  problems  are 
much  simplier  than  they  are  for  example,  in  the  turbines. 

This  is  a  zoom  view  of  the  low  pressure  side  (it  continues  from  where  we  left 
off  before).  Reading  from  top  to  bottom,  there  is  the  air  cushion,  and  the 
quiescent  decompressed  gas,  which  has  been  decompressed  by  the  expansion 
waves  running  in  it.  At  this  point  this  edge  sets  off  an  expansion  fan.  What 
we  have  not  shown  are  the  further  reflections  of  this  fan,  they  go  on  very 
weakly  and  are  still  present.  What  is  important  for  us,  is  that  fresh  air  is 
sucked  in,  and  the  exhaust  gases  are  allowed  to  flow  out,  after  having  been 
expanded.  Here  you  see  the  scavenging  process  taking  place.  The  expansion  fan 
is  being  set  off  from  this  inlet  edge,  which  gives  the  signal  here  for  the  gas 
outlet  port  to  be  closed. 

With  that  I  want  to  come  to  the  fourth  and  most  basic  level  of  our  research 
and  development  activity;  a  laboratory  piece  of  equipment  which  is  a  model 
machine,  referred  to  internally  as  the  MeJcomprex.  'Med'  comes  from  the 
German  word  to  measure,  and  not  from  the  english  word  messy.  In  fact,  it  is  a 
very  clean  and  idealized  machine  and  you  can  already  notice  some  of  the 
idealizations  which  we  have.  We  have  only  a  single  deck  of  cells.  The  cells 
are  equally  spaced,  and  you  see  the  aspect  ratio  is  nearly  one  to  one.  These 
ate  the  various  geometric  idealizations  which  we  have  made.  Another 
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idealization  is  that  we  work  only  with  air  and  not  with  hot  gases.  In  the 
first  phase  we  have  shut  off  one  end  of  this  so  that  we  only  look  at  part  of 
the  process.  Now  the  question  is,  what  do  we  hope  to  achieve  by  this?  And 
the  answer  is,  we  want  to  look  at  the  most  idealized  process  because  only  if 
you  have  understood  this,  and  only  if  you  are  able  to  compute  this  idealized 
gas  dynamic  process,  do  you  have  any  hope  of  understanding  the  more  complex 
processes  which  take  place  in  the  real  machine.  We  find  it  convenient  to  work 
with  air  because  we  know  the  thermodynamic  properties  of  air  perfectly.  What 
advantages  do  we  have  in  such  a  machine?  We  can  instrument  it  and  it  is  a 
very  highly  intstrumented  machine.  For  example  we  have  rotating  pressure 
transducers  fitted  into  it,  and  we  get  signals  out  so  we  know  what  the 
transient  pressures  are  inside  of  the  rotor.  Another  feature  is,  this 
particular  one  has  a  glass  shroud.  It  is  not  our  intention  to  sell  any 
machine  with  a  glass  shroud,  it's  only  to  help  us  look  into  it  literally  to 
find  out  what  Is  going  on.  We  use  laser  anemometry  to  measure  the 
instantaneous  velocities  inside  the  cells. 

This  is  the  Me dcomprex  (Me$  heing  German  for  'to  measure')  or  the  model 
comprex  test  rig,  and  as  I  said  it  is  a  laboratory  piece  of  equipment,  and  far 
removed  from  the  road  machines.  The  rotor  itself  is  here,  we  have  shrouded  it 
up  quite  carefully  because  we  once  had  a  nasty  experience  of  the  glass  shroud 
bursting,  We  have  an  electric  motor  to  drive  it,  on  which  we  have  a  speed 
control.  One  side  of  it  is  temporarily  blocked  off.  On  this  table  here,  we 
place  our  laser  (I  will  show  some  slides  on  that),  and  we  bring  air  in  and 
take  it  away  through  flexible  pipes.  Here  we  have  manometer  columns,  and  a 
compressor  there  to  provide  high  pressure  air,  which  is  the  simulation  of  the 
exhaust  gases;  we  have  coolers,  bypasses,  mufflers,  and  a  whole  bank  of 
thermal  elements  which  are  being  fed  into  the  thermal  register  block. 

Here  we  see  the  machine  in  more  detail.  The  actual  rotor  is  inside  there.  And 
this  shows  how  the  gases,  or  the  air,  in  our  case,  is  fed  into  it.  One  of  the 
features  we  have  in  our  laboratory  machine  is  that  the  complete  stator  can  be 
rotated.  The  reason  we  need  to  rotate  the  stator  < the  stator  is  not  rotating 
but  can  be  rotated  during  an  experiment),  is  so  you  do  not  have  to  move  around 
it  with  a  laser  in  order  to  look  at  the  velocities  at  different  positions.  To 
avoid  doing  that,  we  just  swivel  the  entire  machine,  stator  and  all,  while  the 
rotor  is  rotating,  and  that  is  why  we  have  a  fairly  complex  arrangement  here. 

Here  are  some  of  the  instruments  that  we  are  using.  The  scale  here  is  in 
centimeters,  from  there  to  there  it  is  one  inch  or  2.5cm,  These  are  miniature 
instruments  which  we  have  here,  this  is  the  pressure  transducer,  it's  a 
piezo-resistive  transducer  with  built  in  temperature  compensation,  and  we  have 
5  of  these  which  are  fitted  into  the  rotor,  and  the  signals  are  taken  out 
using  mercury  slip  rings.  This  one  is  a  very  small  3  hole  pitot  tube  that  has 

3  holes  in  there,  they  are  all  made  with  half  a  millimeter  diameter  hypodermic 

tubing  and  there  Is  also  a  minute  thermoelement  in  it.  We  use  this  to  traverse 
the  stator  ports  to  measure  the  air  velocities  in  the  ports. 

This  is  the  rotor  laid  bare.  Here  is  the  laser  beam  pointed  into  the  cells 
into  the  rotor.  After  our  previous  unfortunate  experiences,  we  bandaged  up  the 
glass  rotor  and  let  just  that  bit  open  there  where  we  wanted  to  look  into  it, 
we  used  to  take  this  bandaging  apart  and  move  it  to  different  places.  Now  we 

have  it  all  padded  up  with  foam  and  so  on,  so  it  can  get  the  bits  of  glass  if 

it  breaks. 
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A  slightly  closer  view  shows  the  laser  beam,  and  if  you  look  very 
carefully  you  will  see  that  there  are  two  spots,  and  that  is  significant 
because,  what  we  are  using  is  the  so  called  laser  2  focus  technique.  The 
principle  is  very  simple,  one  has  two  spots  of  light,  very  close 
together  actually,  and  what  one  is  measuring  is  the  time  of  light.  The  air  is 
seeded  with  particles  as  I  told  you,  and  one  starts  a  clock  when  a  particle 
moves  through  a  start  beam,  and  then  one  stops  a  clock  when  one  has  moved 
through  the  stop  beam.  You  can  imagine  that  this  is  no  simple  process, 
this  timing  is  done  in  the  nanosecond  range. 

This  shows  the  laser  gun  with  this  lens,  and  here  we  have  an  arrangement  with 
which  we  generate  the  tracer  particles.  These  have  to  have  a  controlled 
diameter  smaller  than  1/2  a  micrometer,  in  order  that  they  are  small  enough  to 
reasonably  follow  the  flow  which  they  are  representing. 

These  are  the  electronics  which  we  need  in  order  to  make  these  kind  of 
instantaneous  velocity  measurements.  I  think  I  told  you  that  the  entire  rotor 
turns  around  in  six  milliseconds  and  the  cell  passing  frequency  is  about  20 
microseconds.  In  that  short  period  of  time,  we  have  further  broken  down  each 
cell  into  about  ten  different  windows  into  which  we  look  to  obtain  the 
velocities.  We  are  investigating  an  event  which  is  in  the  microsecond  range, 
we  are  making  time  of  light  measurements  in  the  nanosecond  range,  and  in  order 
to  obtain  any  kind  of  meaningful  measurements,  we  have  to  do  it  statistically 
because  there  is  the  chance  that  the  stop  beams  could  be  activated  by  a 
particle  which  had  not  previously  passed  through  the  start  beam,  or  that  the 
particle  that  does  pass  through  the  start  beam  does  not  puss  through  the  stop 
beam,  so  in  order  to  cope  with  all  of  these  eventualities,  we  had  to  do  2 
things.  One  is  to  rotate  the  stop  beam  around  the  start  beam,  so  that  we  can, 
in  an  initial  pass  determine  the  most  likely  direction  of  the  flow.  The 
second  thing  is  we  have  to  go  about  it  statistically,  in  that  we  wait  for 
2,000  events  and  we  represent  these  2,000  events  on  a  histogram  which  you  can 
see  faintly  on  this  video  screen  here,  and  have  a  histogram  like  this,  we  can 
read  off  the  most  probable  velocity  at  that  point.  So  in  here  we  have  all  the 
timing,  electronics,  processing,  and  the  digital  PDP-11  computer  which  we  then 
use  later  on  to  store  and  process  the  data  which  we  previously  had  collected. 

This  shows  the  histograms  in  more  detail  each  one  was  collected  for  a 
different  flow  direction.  The  only  purpose  for  showing  it  is  to  show  that  it 
is  sufficiently  peaky  that  we  believe  our  velocity  readings  with  it  with  a 
great  amount  of  confidence. 

I  also  told  you  that  we  were  making  measurements  of  the  transient  pressures 
inside  the  rotor.  While  the  rotor  is  turning  we  are  able  to  tell  what  the 
pressures  are  instantaneously  inside  that  rotor.  And  this  is  the  transient 
data  logger  that  we  are  using  for  this  purpose.  This  is  a  broad  overview  of 
some  aspects  of  the  development  activity  which  we  are  carrying  on,  with  some 
particular  emphasis  on  the  model  corap rex,  because  that  is  the  model  I  am  most 
closely  associated.  Now  if  I  have  whetted  your  appetite  sufficiently  I  could 
show  you  some  of  the  results  that  we  have  collected,  or  a  small  sample  of 
them.  This  shows  dramatically  the  kind  of  measurements  that  we  are  making. 

This  is  our  rotor,  and  in  the  first  phase  of  our  study  we  have  closed  off  one 
end  of  the  rotor,  studying  only  the  process  by  which  high  pressure  gas  enters 
the  rotor  cells,  expands  and  leaves.  We  use  a  laser  to  measure  the  velocities 
inside  the  rotating  cell.  We  use  these  transducers  that  are  built  into  the 
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wall  to  measure  the  pressures  inside  this  rotating  cell.  We  also  use  a  three 
hole  pitot  probe  to  find  out  what  the  velocities  are  inside  the  ports  leading 
to  and  from  the  rotor.  These  are  the  measurements  we  have  made  in  the  stator, 
this  is  the  stator  outlet  port  where  the  expanded  gases  leave  for  one 
particular  combination  of  pressure  and  speed.  We  have  drawn  the  vectors  and  to 
give  you  an  idea,  that  much  is  lOOm/s,  so  the  air  which  is  leaving  the  rotor, 
creates  a  region  of  separated  flow  in  the  stator.  Perhaps  we  haven’t  designed 
the  stator  perfectly.  The  vectors  show  that  there  is  not  only  an  axial 
component  in  the  velocity,  but  also  a  tangential  component  in  the  velocity.  We 
found  that  because  we  are  only  studying  a  part  of  the  process,  there  were 
regions  in  the  stator  where  reversed  flow  was  taking  place.  This  was  where  the 
expansion  waves  had  reflected,  and  come  back,  and  were  creating  a  reverse  flow 
into  the  rotor,  and  then  again  going  out  into  the  stator.  Here  we  have  plotted 
the  axial  velocities,  that  is  the  dependent  variable,  and  this  is  the 
independent  variable  which  is  the  position  of  the  probe  inside  the  stator,  and 
this  is  the  region  where  we  found  that  under  certain  circumstances  back  flow 
into  the  rotor  was  taking  place.  This  of  course  will  not  take  place  in  the 
real  machine  because  in  the  lab  machine  one  side  is  closed  off. 

We  also  measured  the  temperatures.  The  temperature  profile  in  the  stator  is 
shown  here.  And  once  again,  the  vertical  axis  is  the  independent  variable, 
that  is  the  probe  position,  and  this  horizontal  axis  is  the  temperature,  and 
due  to  the  expansion  shortly  after  the  air  rushes  out  into  the  stator  in  our 
cold  machine,  we  have  temperatures  which  have  fallen  to  about  -20°,  and  I 
think  Professor  Kentfield  has  touched  on  this;  among  all  the  other 
applications,  one  could  use  the  coraprex  as  a  refrigerator,  as  well,  by  simply 
splitting  the  cold  and  the  hot  streams.  This  is  the  density  profile  which  we 
have  calculated  from  the  temperature  and  pressure  measurements. 

We  have  also  measured  the  tangential  velocities  in  the  stator.  There  are  some 
unfortunate  negative  tangential  velocities  under  certain  conditions.  This  is 
being  caused  by  a  separation  bubble  which  we  found  present  in  our  stator. 

This  is  the  pressure  profile  and  it  looks  quite  constant  and  very  neat.  That 
is  the  static  pressure  after  it  has  been  expanded,  just  slightly  below 
atmospheric  due  to  the  hack  pressures. 

Here  we  have  plotted  the  static  enthalpy,  and  here  the  entropy, and  this  I  find 
very  interesting,  in  spite  of  all  the  temperature  and  velocity  profiles,  it 
has  a  very  constant  entropy  profile,  which  means  that  we  are  simply  switching 
energy  between  temperature  and  pressure. 

This  is  the  situation  when  we  have  a  higher  inlet  pressure  than  in  the  frames 
I  showed  previously,  which  were  for  1.5  bar;  this  one  is  for  1.9  bar,  and  here 
we  come  up  with  a  small  suprise,  which  once  we  think  about  it,  is  not  so 
strange,  and  that  is  that  we  have  supersonic  flow  in  the  stators.  This  is 
caused  by  the  fact  that  the  cells  are  not  opened  up  instantaneously,  opened  or 
closed,  even  though  it  is  all  occuring  at  high  speed;  nevertheless  the  cell  is 
open  gradually  and  due  to  this  gradual  opening  there  is  a  burst  of  supersonic 
flow  which  comes  shooting  out  into  the  stator  until  the  cell  is  fully  open  and 
then  it  goes  back  to  subsonic  flow.  Here  I  am  talking  about  the  actual 
velocities  and  not  the  pressure  waves.  It  is  obvious  that  the  pressure  waves 
move  at  more  than  sonic  speeds,  but  we  also  found  that  under  certain 
conditions  we  could  have  localized  patches  of  supersonic  flow  in  the  stators. 
One  can  see  here  that  the  velocities  are  on  the  order  of  about  400m/s,  that  is 


82 


about  Mach  1.2  or  Mach  1.3. 

This  is  the  schematic  of  our  basic  two  focus  technique.  We  start  with  two 
laser  beams  which  have  first  been  split,  then  reflected  twice,  and  then 
focused  in  this  measurement  plane  to  2  focal  points.  Behind  the  plane  where 
the  measurement  is  taking  place,  there  are  reflections  coming  off  the  rotor 
wall;  we  have  had  problems  with  those  but  have  also  discovered  how  to 
electronically  sort  them  out.  A  particle  passing  through  here  triggers  a 
signal  when  it  passes  through  this  beam,  and  when  it  passes  through  the  next 
focal  point,  it  sends  off  another  signal.  The  signals  collected  go  through  a 
screen  here  which  cuts  off  everything  except  the  signals  coming  from  the  two 
focal  points,  then  enter  a  photo  detector  and  into  the  rest  of  the 
electronics. 

These  are  the  kinds  of  measurements  we  have  been  making.  Once  again,  the 
vertical  axis  is  the  independent  variable,  and  if  you  like,  you  can  think  of 
this  as  a  cell,  these  are  the  cell  walls,  this  broken  line  shows  the  edge  of 
the  cell  wall,  that  is  from  here  to  here  is  the  pitch  of  the  cell  and  we  plot 
here,  on  this  frame,  the  axial  velocities,  and  then  on  this  frame  the  relative 
tangential  velocities.  What  I  mean  by  the  relative  tangential  velocities  is 
that  from  the  measured  absolute  tangential  velocity,  we  subtract  the 
tangential  velocity  at  which  the  rotor  itself  is  running,  so  that  we  know  the 
relative  tangential  velocity  inside  one  particular  cell. 

Mr.  Y 

How  close  to  the  cell  wall  are  you  measuring? 

The  cell  width  is  about  10mm.  So  here,  about  2mm  from  the  cell  wall.  It  is 
dificult  to  get  very  close  to  the  cell  wall  because  of  the  reflections  which 
start  coming  off  the  cell  wall.  By  the  way  the  electronics  is  sophisticated 
enough  to  chop  the  measurement,  so  what  we  do  is,  as  the  cell  wall  comes  by  we 
shut  off  the  laser,  and  turn  it  on  again  as  soon  as  we  are  into  the  cell  wall. 
This  is  done  with  a  Bragg  cell,  and  needless  to  say  it  takes  place  at 
extremely  high  speed,  but  anyway  we  are  continuously  chopping  it  and  opening 
it,  and  with  this  kind  of  technique  we  have  been  able  to  measure  a  velocity 
profile.  Mind  you  this  is  an  instantaneous  velocity  profile.  Inside  a  cell, 
that  picture  shows  an  axial  velocity  profile,  and  the  bottom  picture  shows  a 
tangential  velocity  profile.  Now  in  order  for  the  one-dimensional 
calculations  to  be  any  good,  this  tangential  velocity  profile  should  be  0  and 
constant,  and  in  this  situation  it  is  just  at  the  point  where  the  air  is 

beginning  to  flow  into  the  cells,  and  this  is  the  proof. 

We  are  not  only  in  a  position  to  measure  the  axial  and  tangential  velocities 
in  the  cell,  but  we  are  also  in  a  position  to  measure  the  turbulence  level 
inside  the  cells.  In  this  particular  measurement  they  are  acceptably  small, 

4 7.  for  the  stream  wise  turbulence  and  5%  for  the  cross-wise  turbulence.  Those 
arrows  are  the  statistical  measure  of  the  uncertainty  with  which  we  are  making 
these  measurements.  One  of  the  beauties  of  this  statistical  two  focus 
technique  is  that  we  know  how  good  our  measurements  are.  We  know  within  what 
band  and  with  what  confidence  we  have  our  values.  The  value  which  is  written 

down  is  the  value  which  prevails  at  the  middle  of  the  cell. 

This  is  the  situation  which  prevails  when  the  cell  has  rotated  through  5°,  or 
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the  cell  Is  half  open  now.  These  measurements  have  been  made  at  an  axial 
position  about  one  inch  downstream  of  the  stator,  and  here  the  axial  velocity 
profile  looks  like  this,  it's  considerably  higher  than  before;  previously  it 
was  35m/s,  now  it  is  56m/s,  because  the  flow  is  picking  up  speed  there.  We  no 
longer  have  0  tangential  velocity.  It  is  true  that  in  the  center  of  the  cell 
it  is  only  5m/s  but  at  certain  points  it  is  only  about  20m/s.  This  shows  us 
that  the  assumptions  about  one-dimensional  flow  do  have  their  limitations. 

This  is  the  situation  after  the  rotor  has  turned  10°  from  the  first  position, 
which  means  the  cell  is  completely  exposed  to  the  flow.  We  now  see  fairly 
significant  relative  tangential  velocities,  and  the  axial  velocity  has  piced 
up  further. 

And  this  is  a  composite  of  some  of  the  measurements  we  have  made.  You  can 
almost  see,  if  you  imagine,  the  wave  has  run  from  here  to  here,  this  is  our 
closed  end,  then  it  has  reflected  back  here,  so  the  velocities  pick  up  and 
then  the  reflecting  wave  comes  back  and  now  they  are  pointing  the  other  way. 
And  you  will  observe  that  there  are  significant  tangential  components. 

Here  we  have  plotted  just  the  axial  velocities,  once  again  this  is  the  inlet 
which  now  faces  34°,  and  that  is  the  outlet.  Until  now  we  have  not  made  a  lot 
of  measurements  because  we  have  spent  a  lot  of  time  developing  the 
experimental  techniques  which  we  have  applied  and  which  we  believe  are  unique. 
Here  is  a  comparison  which  has  been  made  between  the  axial  velocities  which 
we  have  measured,  and  those  which  our  computer  programs  tell  us,  and  it  looks 
very  good,  much  to  my  surprise. 

And  now  going  on  to  our  transient  pressure  measurements.  We  have  an 
instrumented  rotor,  with  five  pressure  transducers  spread  along  the  axial 
length;  this  shows  the  position  of  0°  on  the  rotor  and  is  where  the  flow 
enters  the  cells;  at  34°  it  is  closed  off,  at  140°  it  is  opened  and  at  250°  it 
is  closed  again.  As  I  said,  from  here,  to  here  it  is  6  milliseconds,  so  we 
have  transducers  with  a  useable  frequency  of  lOOKHz,  In  order  not  to  confuse 
the  picture  too  much,  I  have  only  plotted  3  of  these.  The  green  one  is  nearest 

to  the  stator,  about  one  inch  away  from  the  stator.  This  one  which  is  not 

colored  at  all  is  about  3  inches  from  the  stator,  and  the  orange  one  is  about 
3  inches  from  the  stator.  Here  we  can  see  what  happens  to  the  pressure  waves, 
the  cells  are  exposed  to  the  inlet  and  the  pressure  shoots  up  at  once,  almost 
as  good  as  those  drawings  Prof.  Kentfield  showed  you,  where  one  saw  a  step 
rise  in  the  pressure.  They  actually  do  have  a  terrific  step  rise  in  pressure, 
and  then  there  is  a  period  where  the  first  transducer  just  maintains  the 
pressure,  because  the  pressure  wave  is  now  traveling  from  left  to  right 
towards  the  closed  end.  But  then  the  reflected  compression  wave  comes  back, 
and  then  we  get  the  next  boost  in  pressure;  so  in  the  first  stage  we  boost 

from  1  to  2  bars  and  then  in  the  next  stage  we  boost  from  2  to  3  bars.  Now  if 

you  look  at  the  orange  line,  and  that  is  the  transducer  that  is  furthest  away 
from  the  inlet,  it  has  taken  a  while  for  the  pressure  wave  to  move  from  this 
position  to  this  position.  That  is  why  this  rise  occurs  much  later.  But,  here 
you  don't  see  that  step  anymore  because  being  closer  to  the  closed  end,  the 
reflected  wave  slams  it  almost  immediately  after  the  primary  wave  has  hit  it, 
and  so  we  see  this  enormous  and  continuous  increase  in  pressure.  Between  here 
and  here,  both  ends  are  closed,  and  the  pressure  waves  are  running  back  and 
forth  insido  the  cell.  You  see  a  general  fall  off  in  the  pressure  level;  this 
is  caused  by  the  unfortunate  leakage  which  we  try  our  best  to  keep  as  small  as 
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possible,  but  it  is  nevertheless  there.  At  this  point  the  cell  is  open,  and 
the  green  transducer  which  is  in  the  position  nearest  the  port,  indicates  a 
pressure  drop  straight  away.  It  is  very  interesting  how  steeply  and  quickly  it 
can  fall,  and  after  a  suitable  interval  the  pressure  of  the  transducer  at  the 
mid  position  falls  off,  and  lastly  the  pressure  falls  off  at  the  position 
furthest  away  from  the  inlet.  Then  here  you  can  see  a  flow  region  where  the 
pressure  has  fallen  considerably  below  atmospheric,  if  these  measurements  are 
to  be  believed,  to  a  pressure  of  1/2  a  bar;  this  is  the  region  for  which  this 
idealized  machine  caused  the  reverse  flow  in  the  stators.  And  then  there  are 
all  of  these  further  wiggles  and  the  cycle  starts  again. 

Now  here  I  have  sketched  a  situation  which  could  occur  when  the  rotor  is 
running  at  less  than  design  speed.  When  the  rotor  is  running  at  60%  of  design 
speed,  then  the  reflected  wave  comes  back  relatively  quicker,  and  this  is 
because  the  waves  are  running  back  and  forth  at  the  same  speed.  No  matter  what 
speed  the  rotor  is  turning,  but  because  the  rotor  is  turning  that  much  more 
slowly,  the  reflected  wave  has  prematurely  come  back  to  the  inlet  end  and  this 
could  then  of  course  cause  loss  of  pressure  and  reverse  flow  into  the  inlet. 

These  are  the  transient  signals  which  we  have  measured  under  such  a 
situation  at  60%  of  rated  speed.  Here  one  sees  the  same  phenomenon  as  before, 
if  you  just  look  at  the  green  line  here  you  start  at  one  bar,  the  primary 
compression  wave  boosts  the  pressure  to  2  bars,  the  reflected  pressure  wave 
boosts  to  3  bar  (tape  ends). 

Here  are  some  comparisons  between  the  experiment  and  the  computation,  and 
these  show  where  we  stand  at  the  moment.  Naturally  with  all  the  computations, 
with  all  the  numerical  smearing  which  takes  place,  we  can't  hope  to  catch  all 
the  expansion  fans,  and  the  secondary  features  of  the  flow,  so  we  lose  all  of 
this  detail,  which  actually  exists  in  the  experiment.  But  we  are  very  pleased 
that  we  got  this  step  and  this  level  in  general  right. 

This  one  is  for  another  operating  condition  with  slightly  lower  pressures. 
Again  we  are  able  to  compute  the  broad  features  of  the  flow  extremely  well;  we 
haven't  got  our  leakage  model  absolutely  right  yet,  at  least  not  up  to  this 
point.  Meanwhile  we  have  used  the  empirical  information  we  have  collected,  in 
order  to  improve  our  leakage  model  and  to  make  sure  we  can  match  it. 

This  is  for  another  operating  condition,  and  the  remarks  I  made  before  hold 
true  for  this  one  also;  however  we  are  also  working  on  more  advanced 
techniques  in  computation.  We  are  in  the  process  of  programming  a  full  method 
of  characteristics  code,  which  we  hope  will  give  us  many  more  details  than  we 
would  otherwise  have.  We  are  also  programming  a  2-D  McCormack  type  code  to 
give  us  the  details  of  the  flow  which  occurs  through  cells  which  are  only 
partly  opened  or  partly  closed.  That  was  just  a  broad  overview  of  some  of  the 
things  we  do,  and  a  detailed  view  of  some  of  the  things  I  have  done,  and  to  go 
back  to  what  I  said  earlier,  I  have  to  thank  all  ray  colleagues  who  made  it 
possible. 
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Measurements  and  numerical  Modeling  of  energy,  or  pressure,  exchanger 
floe  and  performance  mere  carried  out  to  characterize  controlling  processes 
and  to  Maximize  the  efficiency  of  a  snail  test  device,  The  laboratory  energy 
exchanger  was  developed  and  tested  under  steady  external  flow  conditions  to 
study  sensitivity  to  a  number  of  flow  and  configuration  parameters .  This 
Machine  operated  at  a  pressure  ratio  of  approximately  2.5  and  transferred 
approximately  100  kw  of  power  between  two  impedance-matched  streams . 
Neasureaents  were  made  of  both  overall  flow  and  performance  parameters  and  of 
flow  details.  These  measurements  included  dynamic  measurements  of  pressure 
within  the  rotor  throughout  numerous  rotation  cy  >s,  end  wall  pressure 
measurements,  temperature  distributions  in  the  in-at  and  outlet  ports,  gas 
sampling  in  the  exit  ports  where  contact  surfaces  left  the  rotor,  and  overall 
average  mass  flow,  temperature,  and  recovery  pressures  in  all  inlet  and  outlet 
ports.  These  data  were  used  to  evaluate  the  work  transfer  efficiency,  tj, 
which  is  related  to  a  compressor  and  turbine  efficiency  product,  and 
equivalent  turbine  and  compressor  efficiencies.  Tests  demonstrated  a  maximum 
work  transfer  efficiency  of  74  percent,  equivalent  to  compressor  and  turbine 
efficiencies  of  75  and  97  percent,  respectively.  These  tests  also  showed  the 
sensitivity  of  these  efficiencies  to  the  controlled  parameters. 

A  one-dimensional,  unsteady  flow  model  was  developed  for  the  energy 
exchanger.  Equations  for  mass,  momentum,  and  energy  conservation  in  both  the 
unsteady  internal  flow  region  and  steady  external  ports  were  solved  using 
numerical  techniques.  Appropriate  boundary  conditions  were  applied  at  the 
blank  end  walls  and  the  rotor/port  boundaries,  bosses  due  to  inflow  and 
outflow  effects,  leakage,  friction,  and  heat  transfer  were  included  in  this 
model.  The  SHASTA  algorithm  was  used  in  this  numerical  analysis,  comparisons 
of  computed  parameters  with  detailed  pressure  measurements  and  overall 
performance  have  largely  verified  this  model  of  energy  exchanger  flow. 
Together,  the  oomputer  projections  and  test  data  provide  a  clear  understanding 
of  the  dominant  flow  processes  and  controlling  parameters.  Projections  using 
the  unsteady  flow  oode  indicate  that  transfer  efficiencies  of  80  to  85  percent 
can  be  expected  from  future  energy  exchangers. 
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ABSTRACT 

An  experimental  and  analytical  investigation  of  energy,  or  pressure, 
exchanger  flow  processes  was  conducted  to  quantify  controlling  mechanisms  and 
to  maximize  the  efficiency  of  these  devices.  Energy  exchangers  are  rotating, 
axial  flow  machines  that  utilize  unsteady  gasdynamic  processes  to  directly 
transfer  work  between  two  gas  streams.  These  machines  simultaneously  perform 
functions  analogous  to  a  gas  turbine  and  a  compressor.  A  single-stage  test 
device  was  developed  and  used  to  conduct  steady  flow  tests  at  compression  and 
expansion  pressure  ratios  of  approximately  2.5.  The  test  energy  exchanger 
transferred  approximately  100  kw  of  power  and  demonstrated  overall  transfer 
efficiencies  as  high  as  74  percent.  An  unsteady  one-dimensional  flow  code  was 
developed  and  used  to  calculate  test  device  performance  and  to  project 
large-scale  energy  exchanger  operating  characteristics.  The  computer  model 
agreed  well  with  measured  overall  performance  and  detailed  flow  data. 
Projections  using  this  code  indicate  that  efficiencies  to  80  percent  are 
feasible  for  the  test  energy  exchanger  and  to  85  percent  for  large-scale 
devices . 

I.  INTRODUCTION 

The  term  “energy  exchanger”  originated  with  Bertiberg*1*  in  his  early 
work  to  apply  unsteady,  gasdynamic  processes  to  power  generation.  The  energy 
exchanger  is  a  gasdynamic  wave  machine  similar  to  the  Comp rex,  invented  and 
patented  by  Seippel  in  1946.  The  energy  exchanger  performs  the  function  of  a 
mechanically  coupled  gas  compressor  and  turbine,  transferring  work  to  compress 
one  gas  stream  while  extracting  work  from  another  expanding  gas  stream. 
However,  the  transfer  of  work  between  these  streams  is  fluid-dyruuaic,  and 
shaft  work  is  not  a  required  transfer  mechanism  between  the  streams.  Since 


this  device  transfers  the  potential  for  doing  work  from  one  gas  stream  to 
another,  it  could  equally  well  be  called  a  "work  exchanger"  or  "pressure 
exchanger . " 

Many  applications  of  wave  machines  have  been  proposed  since  their 

inception.  These  have  included  applications  to  internal  combustion  engine 

supercharging,  wind  tunnel  test  facilities,  chemical  processing,  high 

temperature  compression,  and  other  transfer  processes  between  gas  streams. 

The  development  and  application  of  wave  machines  has  been  extensively  reviewed 
( 2 ) 

by  Rose.  several  new  applications  of  the  energy  exchanger  to  power 
generation  cycles  have  been  studied  by  Spectra  Technology,  Xnc.  (STI), 
formerly  Mathematical  Sciences  Northwest,  Inc . * 3  ^  These  applications  included 
its  use  as  a  high  pressure,  high  temperature  top  stage  for  a  gas  turbine 
topping-steam  bottoming  cycle  using  coal-derived  fuels;  use  as  a  high 
temperature  air  compressor  for  a  coal-burning  MHD  power  plant;  and  use  as  a 
"dirty"  gas  expander/air  compressor  for  pressurised,  fluidised  bed  (PPB)  fired 
coal-burning  power  plants.  The  applications  in  MHD  and  combined  cycle  plants 
appear  to  be  quite  competitive  with  other  advanced  approaches  to  these  power 
generation  cycles.  The  energy  exchanger  offers  distinct  advantages  in  terns 
of  overall  plant  efficiency,  simplicity,  end  durability  relative  to  gas 
turbines  in  PPB  cycles  using  conventional  coapressorw,  turbines,  and  gas 
clean-up  techniques.* 3 ^  These  studies  show  that  operation  of  the  energy 
exchanger  at  work  transfer  efficiencies  (related  to  the  product  of  compressor 
and  turbine  adiabatic  efficiencies)  of  76  percent  or  higher  is  required  for 
effective  application  of  this  technology  in  power  generation 

/  3  \ 

applications.  As  discussed  below,  results  of  testing  and  computer 
projections  indicate  that  the  energy  exchanger  will  operate  at  efficiencies  of 
75  to  85  percent  when  this  technology  is  further  developed  and  implemented  in 
large-scale  devices. 

The  energy  exchanger  employe  unsteady  flow  processes  to  transfer  power 
from  one  gas  stream  to  another.  Energy  exchangers  can  be  configured  with  one 
expansion/compreasion  cycle  per  revolution  on  the  rotor,  as  wa s  the  test 
machine  described  in  Section  III,  or  with  two  or  more  cycles,  as  depicted  in 
Figure  l.  A  number  of  long  narrow  gas  passagss,  which  behave  very  much  like 
shock  tubes,  are  mounted  on  the  periphery  of  a  rotating  drum.  Two  gas  streams 


Figure  1.  Energy  Exchanger  Configuration  with  Two  Expansion  and  Compression 
Cycles  on  One  Rotor. 


flow  steadily  into  the  rotor  through  ports  in  the  stationary  endwalls, 
transfer  power  by  means  of  the  steady  port  flows  and  a  pressure  wave  system 
that  is  repetitively  established  in  each  tube,  and  then  flow  steadily  into  the 
outlet  ports.  Motion  of  the  tubes  past  the  stationary  inlet  and  outlet  ports 
and  regions  of  closed  endwall  is  used  to  establish  the  unsteady  flow  processes 
within  the  rotating  tubes  of  wave  machines.  The  initially  low  pressure  gas, 
called  the  “driven"  stream  after  shock  tube  nomenclature,  enters  the  rotor 
through  a  large  port,  is  compressed  by  pressure  waves  within  the  rotor  tubes, 
and  leaves  the  rotor  at  high  pressure  through  the  smaller  driven  stream  outlet 
port  in  Figure  1.  A  continuous  stream  of  high  pressure  gas,  called  the 
"driver"  stream,  enters  the  rotor  through  a  small  inlet  port,  transfers  its 
power  to  the  driven  stream  through  unsteady  flow  processes  on  the  rotor,  and 
exhausts  from  the  rotor  through  a  low  pressure  port.  In  most  applications, 
the  high  pressure  driven  gas  stream  will  pass  through  a  combustor,  heat 
exchanger,  or  other  heat  source  and  return  to  the  energy  exchanger  as  the 
driver  stream.  The  operation  of  the  energy  exchanger  and  other  wave  machines 
is  discussed  in  considerable  detail  in  References  3  and  4.  Through  the  use  of 
proper  rotor,  port,  and  endwall  configurations  and  operating  conditions,  work 
transfer  between  the  driver  and  driven  streams  can  be  made  very  efficient. 

Both  the  experiments  and  code  projections  discussed  below  Indicate  that  energy 
exchangers  can  have  high  efficiencies  and  other  favorable  operating 
characteristics  that  will  make  these  machines  very  useful  in  power  generation 
and  propulsion  applications. 

This  paper  sumnarires  the  test  and  computational  results  of  the  earlier 
program.^3 *  The  test  energy  exchanger  was  configured  as  described  in 
Section  III,  and  tests  were  conducted  for  a  wide  range  of  conditions.  The 
clearances  between  the  rotor  and  stationary  inlet  and  outlet  ports  were 
minimized  to  limit  leakage.  Wave  management  ports  were  used  to  cancel 
undesired  reflections  of  compression  and  expansion  waves,  improve  inlet  and 
outlet  flow  uniformity,  and  reduce  associated  losses.  Zn  addition,  effects  of 
port  widths,  rotor  speed,  and  flow  conditions  have  been  studied  to  identify 
configurations  and  conditions  of  highest  efficiency  and  to  determine 
sensitivities  to  flow  parameter  variations.  Instrumentation,  including 
pressure  transducers  mounted  on  the  rotor,  was  used  to  identify  flow  problems 
and  mechanisms  which  govern  the  energy  exchanger  work  transfer  efficiency. 
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The  best  configuration  and  operating  parameters  tested  produced  a  transfer 
efficiency  of  74  percent. 

The  energy  exchanger  unsteady  flow  code,  which  was  described  in  an 
earlier  paper  '  and  in  Reference  3,  has  been  used  to  calculate  internal  flow 
conditions  and  overall  performance  for  a  range  of  configurations  and  operating 
conditions  of  the  test  energy  exchanger.  As  discussed  in  Section  IV,  computed 
energy  exchanger  flows  agree  very  well  with  overall  performance  measurements 
and  with  detailed  measurements  of  flow  property  variations  during  each  tube 
rotation.  This  agreement  has  verified  that  the  dominant  mechanisms  have  been 
adequately  modeled  and  has  provided  confidence  in  the  accuracy  of  the  code  for 
projecting  energy  exchanger  performance  in  other  operating  and  machine-size 
regimes.  Computations  indicate  that  energy  exchangers  with  throughput  and 
operating  conditions  comparable  to  the  test  device  could  operate  at  transfer 
efficiencies  of  eo  percent  if  relatively  minor  changes  were  made  in  the  basic 
wave  system  and  configuration.  As  discussed  in  Section  V,  additional 
calculations  indicate  that  large-scale  energy  exchangers  could  operate  with 
efficiencies  to  approximately  65  percent  at  conditions  similar  to  those 
tested. 

XX.  ENERGY  EXCHANGER  UNSTEADY  FLOW  CODE 

The  projections  of  energy  exchanger  performance  discussed  below  were 
made  using  a  compter  program  that  was  developed  to  model  energy  exchanger 
flows.  The  overall  wave  system  represented  the  six-port  energy  exchanger 
configuration  shown  in  Figure  2.  Note  that  this  figure  also  contains 
instrument  locations,  which  will  be  described  in  Section  XIX.  Energy 
exchanger  performance  and  flow  details  could  be  computed  with  only  the  primary 
flow  ports  operating,  i.e.,  the  high  pressure  driver  gas  inlet  D^,  the  low 
pressure  driver  outlet  D2>  the  low  pressure  driven  gas  inlet  d^,  and  the  high 
pressure  driven  gas  outlet  port  d2>  Either  of  the  wave  managesmnt,  or  tuning, 
ports  0  and  0  could  be  operated  at  prescribed  conditions  or  eliminated  from 
the  computation,  as  desired.  The  amount  of  "dead  space**,  i.e.,  the  blank 
stator  walls  that  were  not  needed  for  wave  formation  and  control,  could  be 
arbitrarily  set.  The  large  dead  regions  shown  in  Figure  2  for  the  test 
apparatus  wave  diagram  were  the  largest  actually  used  in  computing  energy 
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Figure  2.  Ideal  Wave  Diagram  for  Test  Energy  Exchanger  With 
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exchanger  performance.  This  large  dead  region  was  incorporated  into  the  test 
apparatus  to  allow  for  an  additional  set  of  inlet  and  outlet  ports.  Which  were 
never  installed.  The  dead  regions  were  generally  reduced  to  that  actually 
required  for  a  closed  wave  system  during  computations  of  maximum  energy 
exchanger  performance.  The  energy  exchanger  flow  code  is  described  in  detail 
in  References  3  and  4.  Its  major  features  are  summarized  in  this  section. 

The  flow  within  tubes  on  the  energy  exchanger  rotor  was  modeled  using 
the  standard,  one-dimensional  unsteady  flow  equations.  Terms  were  included  to 
calculate  wall  friction  and  heat  transfer  processes  using  correlations  for 
steady,  turbulent  pipe  flows.  The  one-dimensional  unsteady  tube  flow 
equations  were  solved  numerically  using  the  flux  correlated  transport 

/  5 )  ' 

technique.  This  technique  is  accurate  and  stable  in  regions  of  high 
property  gradients,  such  as  shock  waves  and  interfaces  between  different 
gases,  and  allows  calculations  to  be  carried  out  over  many  cycles.  Thus, 
operational  transients  and  approach  to  steady-state  operation  of  the  energy 
exchanger  can  be  accurately  calculated.  The  accuracy  of  the  unsteady  flow 
algorithm  was  verified  by  comparisons  of  code  calculations  with  analytical 
solutions  of  the  shock  tube  problem  and  wave  reflections  from  blank  walls  and 
open  ended  tubes,  as  discussed  on  Reference  3. 

The  internal,  unsteady  tube  flow  equations  were  coupled  at  the  rotor 
boundaries  to  steady  flow  equations  governing  the  external  manifolds .  The 
effects  of  the  finite  rate  of  tube  opening  to  the  ports,  inflow  and  outflow 
loss  mechanisms,  and  endwall  leakage  flows,  as  indicated  in  Figure  3(a),  were 
included  at  the  rotor  boundaries.  This  aspect  of  the  flow  modeling  was 
probably  the  most  critical  in  developing  an  accurate  fluid  dynamic 
representation  of  the  dominant  unsteady  flow  processes  and  the  principal 
losses,  many  of  which  are  two-  or  three-dimensional  in  nature.  The  finite 
rate  of  tube  opening  and  closing  generally  spread  compression  and  expansion 
waves  over  an  axial  distance  of  several  tube  widths,  instead  of  the 
infinitesimal  thickness  shown  in  Figure  2.  This  also  delayed  wave  arrival  at 
the  opposite  rotor  endplane  significantly  relative  to  early  method  of 
characteristics  calculations  baaed  on  the  start  of  tube  opening .  losses  which 
occurred  during  tube  opening  and  closing,  such  ae  throttling  due  to  pressure 
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INLET  PORT  FLOW 


(a)  Inlet  Tube  End  During  Tube  Opening 


(b)  Ideal  Driver/Driven  Gas  Interfaces  Leaving  Rotor 


Figure  3.  Tube  and  Port  Configuration  During  Tube  Opening 
and  Closing  Events 


imbalances,  significantly  reduced  efficiencies  at  high  pressure  ratio 
operation. 

■The  models  which  incorporated  the  boundary  conditions  for  both  endplanes 
were  "quasi-steady"  in  nature  in  that  the  steady  flow  equations  were  used  at 
each  time  step  to  relate  some  of  the  flow  properties  at  the  boundary  point 
just  inside  the  rotor  to  specified  external  flow  parameters.  The  time 
dependent  equations  were  simultaneously  used  to  relate  the  remaining  unknown 
flow  properties  at  these  boundary  points  to  those  in  the  "region  of  influence’* 
of  the  previous  time  step  and  the  adjacent  grid  points  at  the  current  time 
step,  separate  sets  of  simultaneous  equations  were  derived  for  the  inlet  and 
for  the  outlet  ends  of  the  rotor  for  normal  flow  conditions,  i.e.,  inflow  in 
an  inlet  port  and  outflow  in  an  outlet  port.  Additional  equations, 
corresponding  subroutines,  and  logic  for  distinguishing  types  of  flow 
conditions  were  developed  to  compute  rotor  boundary  conditions  for  nonstandard 
conditions,  such  as  reversed  flow  from  the  rotor  back  into  an  inlet  port  and 
from  an  outlet  port  back  onto  the  rotor.  These  conditions  occurred  when 
pressure  waves  impinged  on  the  ports  during  off-design  operation  and  when 
undesired  waves  were  present  due  to  improper  port  locations,  when  wave 
management  ports  were  not  used,  and  when  port  flow  conditions  produced 
excessively  strong  or  weak  waves  which  were  not  cancelled  as  planned. 

All  of  the  inlet  port  flows  external  to  the  rotor  were  treated  as 

nonunifonn,  steady  flow  regions  whJch  originated  at  a  uniform  stagnation 

condition,  P  and  T  ,  an  unspecified  distance  from  the  rotor.  The  velocity, 
o  o 

static  temperature,  and  static  pressure  at  the  rotor  boundary  were  computed  at 
each  time  step  by  using,  in  part,  the  steady,  compressible  flow  equations  for 
a  streamtube  originating  at  the  specified  uniform,  external,  total  pressure 
and  temperature.  Losses  due  to  leakage  through  the  rotor-stator  clearance 
gap,  incorrect  matching  of  gas  and  rotor  tangential  velocity,  and  throttling 
associated  with  the  pressure  imbalance  across  tha  reduced  inflow  area  during 
tube  opening  and  closing  were  incorporated  into  the  steady  flow  equations  at 
the  rotor  boundary.  losses  dus  to  transient  pressure  imbalances  between 
adjacent  external  and  internal  regions  were  evaluated  using  this  quasi-steady 
flow  formulation  and  the  assumption  of  no  recovery  of  excess  dynamic  head. 

Only  losses  due  to  leakage  and  excessive  tangential  gas  velocity  were  applied 
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when  the  tubes  were  fully  open  to  the  inlet  ports  and  reversed  flow  was 
absent.  Stagnation  pressure  losses  in  the  inlet  ports  due  to  velocity 
differences  between  adjacent  streantubes  were  assumed  negligible  in  this 
initial  formulation,  although  computed  results  for  off-design  conditions 
showed  that  this  was  probably  not  a  reasonable  assumption  at  times. 


The  boundary  condition  at  the  rotor  exit  plane  differed  considerably 
from  that  at  the  inlet  end,  but  the  loss  mechanisms  were  identical.  The 
outlet  ports  were  treated  as  regions  of  uniform,  specified  static  pressure, 
with  the  other  flow  variables  computed  via  the  unsteady  flow  internal  to  the 
rotor.  It  was  assumed  that  there  was  no  recovery  of  velocity  head  in  the 
outlet  diffusers  and  ducts  due  to  the  generally  nonuniform  flow  at  the  rotor 
exit  plane.  Sets  of  simultaneous  equations  were  solved,  at  each  time  step,  to 
match  the  internal  unsteady  flow  to  the  quasi-steady  external  port  flow,  as  at 
the  rotor  inlet  plane.  The  boundary  condition  equations  were  treated 
independently  as  required  in  each  port  and  blank  endwall  region  and  in 
transition  regions  between  ports  and  between  ports  and  endwall  regions. 


Energy  exchanger  performance  computations  were  carried  out  by  following 
a  single  rotor  tube  through  several  revolutions  of  the  rotor.  Steady  state 
operation,  i.e.,  port  inflow  and  outflow  rates  and  wave  strengths  repeatable 
from  cycle  to  cycle,  was  approached  after  approximately  three  revolutions. 

The  total  mass  and  enthalpy  flow  into  and  out  of  each  port  was  determined  by 
integrating  the  appropriate  velocity,  density,  specific  enthalpy  product  over 
the  port  area,  the  efficiency  with  which  the  energy  exchanger  extract*  work 
from  the  driver  stream  and  transfers  it  to  the  driven  stream  is  repressntsd  by 
the  work  transfer  efficiency  this  efficiency  was  defined  as  the  ratio 

of  the  increase  in  expansion  work  ideally  extractable  from  the  driven  stream 
as  it  is  processed  by  the  energy  exchanger  to  the  expansion  work  ideally 
extractable  from  the  incoming  driver  stream.  For  the  test  energy  exchanger, 
this  can  be  expressed  as 
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ie  the  work  rate  that  could  be  generated  by  expansion  through  an 
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ideal  turbine  from  the  state  of  interest  to  a  reference  pressure  ( ambient 
pressure  for  all  tests  and  computations).  The  subscripts  dl,  d2,  Dl,  and  D2 
refer  to  the  driven  inlet  and  outlet  streams  and  the  driver  inlet  and  outlet 
streams,  respectively.  The  subscripts  D3  and  D4  refer  to  the  inlet  and  outlet 
streams  for  the  wave  management  ports,  respectively.  For  ideal  gases  with 
constant  specific  heats,  the  ideal  expansion  work  terms  can  be  written  as 


me  T 
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where  m  ,  c  ,  T  ,  y  ,  and  P  are,  respectively,  the  mass  flow  rate, 
n  pn  n  n  on 

specific  heat,  temperature,  specific  heat  ratio,  and  stagnation  pressure  of 
the  stream  of  interest,  and  P  is  the  reference  pressure.  7fte  work  and 
efficiency  terms  were  evaluated  in  the  code  by  suitably  integrating  computed 
flow  properties  across  the  inlet  and  outlet  ports.  Leakage  to  atmosphere 
through  the  clearance  regions  between  the  rotor  and  endwalls  was  treated  using 
the  steady  flow  equations  governing  compressible  gas  flow  with  friction  at 
each  time  step.  Total  leakage  was  determined  by  integrating  the  leakage 
throughout  a  complete  revolution.  The  complete  unsteady  flow  code  was 
verified  to  the  extent  possible  by  comparisons  with  measurements  wade  during 
the  test  program  described  below.  This  energy  exchanger  flow  code  is  believed 
to  model  the  dominant  flow  processas  with  sufficient  accuracy  that  projections 
of  performance  and  evaluations  of  configuration  and  operating  parameter 
dependence  can  be  dependably  made.  This  will  be  apparent  in  comparisons  with 
test  results,  as  discussed  in  Section  IV. 

XIX.  ENERGY  K3CCHKNC S®  TEST  APPARATUS 

Tests  were  conducted  using  an  energy  exchanger  and  taet  facility  which 
were  developed  to  demonstrate  high  efficiency,  to  provide  data  for  code 
verification,  and  to  provide  a  better  underetanding  of  energy  exchanger  flow. 
The  test  energy  exchanger,  flow  facility,  and  measurement  techniques  are  shown 
schematically  in  Figure  4  and  described  briefly  below.  More  detailed 
descriptions  are  available  in  References  3  and  4. 
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Figure  4.  Energy  Exchanger  Blowdown  Test  Facility 


The  test  energy  exchanger  shown  in  Figure  5  transferred  approximately 
100  kw  between  the  driver  stream  and  the  driven  stream.  These  two  streams  had 
matched  acoustic  impedances,  analogous  to  contact  surface  tailoring  in  shock 
tubes,  to  simplify  the  wave  system  by  which  power  was  transferred.  The 
expanding  driver  stream  entered  the  rotor  at  a  pressure  of  25.3  kPa 
(36.9  psia)  and  temperature  of  525  K  and  left  the  rotor  at  approximate ly 
ambient  pressure.  The  work  done  by  this  stream  was  largely  used  to  compress 
the  driven  stream  from  approximately  ambient  conditions  through  a  pressure 
ratio  of  approximately  2.5.  Mass  flow  rates  of  the  driver  and  driven  streams 
were  in  the  range  of  0.8-1. 1  kg/sec.  In  addition,  two  small  port  flows  were 
used  during  some  tests  to  cancel  pressure  waves  at  critical  rotor  locations 
and,  thus,  to  provide  more  uniform  port  flows  and  higher  transfer  efficiency. 
These  wave  management,  or  tuning,  ports  were  located  near  the  driven  gas  inlet 
and  outlet  ports,  as  shown  in  Figure  2,  and  required  approximately  25  and 
80  gm/sec  of  flow,  respectively,  to  cancel  the  principal  expansion  waves.  It 
should  be  noted  that  the  port  widths  and  locations  were  designed  on  the  basis 
of  an  ideal  method-of-characteristics  analysis  that  was  done  before  the 
unsteady  flow  code  described  in  Section  II  was  operational.  The  locations  of 
the  inflow  and  outflow  ports,  rotor  sire,  tube  sire,  and  other  configuration 
parameters  are  given  in  Table  1.  The  clearance  between  the  rotor  and  the 
stationary  flow  ports  was  initially  0.033  cm  (0.013  inch)  but  was  reduced  to 
0.010-0.013  cm  (0.004-0.005  inch)  for  most  of  the  tests  reported  here.  The 
design  rotor  speed  was  1960  rpm,  and  tests  were  conducted  for  a  speed  range  to 
10  percent  above  and  below  this  value. 

Xll  teste  were  carried  out  at  steady-state  operating  conditions.  The 
test  facility  that  was  developed  for  this  program  operated  for  eix  seconds 
during  each  tset.  Gases  and  thermal  energy  for  each  test  were  stored  in 
pressure  vessels  and  storage  heaters,  respectively.  Steady  flow  conditions 
were  established  during  the  first  second  of  each  test  by  using  an 
appropriately  designed  valving  and  flow  system.  These  conditions  were 
maintained  during  the  remainder  of  each  test  by  the  programmed  opening  of 
control  valves.  Prior  to  each  test,  the  rotor  and  all  inlet  and  outlet  ports 
and  piping  were  heated  to  constant  tempsratures  corresponding  to  steady-state 
conditions.  This  eliminated  the  thermal  starting  transient  and  ensured  that 
test  conditions  did  not  change  during  each  teat.  This  facility  made  possible 


Table  1 


PRIMARY  TEST  DEVICE  DIMENSIONS 


Rotor  length 

Rotor  diameter 

Gas  passage  outer  diameter 

Gas  passage  inner  diameter 

Number  of  tubes 

Blade  width 

Rotor/endwall  clearance 
Driver  outlet  port  location 
Driven  inlet  port  location 
Driver  inlet  port  location 
Driven  outlet  port  location 
Inlet  wave  management  port  location 
Outlet  wave  management  port  location 


40  cm 
45  cm 

40.75  cm 

32.75  cm 
100 

0.15  cm 

0.033  cm,  0.012  cm 
0*-$3* 

17 *-97* 

121.9*-148* 

134*-157.2* 

12. 3 *-17 ,0* 
1S7.2*~U3* 


relatively  low  cost,  repeatable  testing  of  the  energy  exchanger  at 
steady-state  conditions. 

Flow  meters,  thermocouple  probes,  and  pressure  transducers  were  used  to 
monitor  inlet  and  outlet  mass  flow  rates,  pressures,  and  temperatures  at  low 
velocity  regions  upstream  of  the  inlet  manifolds  and  downstream  of  the  outlet 
dlffuners,  as  shown  in  Figure  4.  The  energy  exchanger  work  transfer 
efficiency  ij  ,  equivalent  compressor  efficiency  1}  ,  and  turbine  efficiency 

EE  CE 

7?^  were  evaluated  from  these  data  using  equations  given  in  References  3 
and  4.  The  work  trams fer  efficiency  warn  defined  as  the  increase  in  ideal 
expansion  work  of  the  driven  stream  divided  by  the  total  ideal  expansion  work 
of  the  driver  stream  and  other  input  streams  used  to  accomplish  the  work 
transfer.  Leakage  was  calculated  as  the  difference  between  the  measured  total 
inlet  and  outlet  mass  flow  rates.  Twenty- four  pressure  transducers,  indicated 
by  P  in  Figure  2,  located  on  the  inlet  and  outlet  endwalls  were  used  to 
measure  steady  pressures  at  various  fixed  angular  locations  of  the  tube 
rotation.  In  addition,  three  pressure  transducers  were  installed  in  one  rotor 
tube  at  locations  near  the  inlet,  at  the  centerplane,  and  near  the  outlet. 

They  were  used  to  measure  the  time  varying  pressure  throughout  the  tube 
rotation.  Signals  from  these  high  frequency  response  Kulite  transducers  were 
transferred  from  the  rotor  to  stationary  external  amplifiers  and  data 
recording  equipment  through  a  low-noise  slip  ring  assembly.  Gas  samples  were 
taken  at  locations  marked  by  X  in  Figure  2  from  the  outlet  port  regions  where 
the  interfaces  between  driver  and  driven  gases  left  the  rotor  and  were 
analyzed  using  a  gas  chromatograph.  These  data  were  used  to  monitor  interface 
locations  and  to  determine  the  degree  of  mixing  between  streams. 

the  entire  test  control,  data  acquisition,  and  data  reduction  sequence 
was  carried  out  using  a  PDP-11  minicomputer  system.  The  steady-state  flow 
data  were  measured,  digitized,  and  stored  in  computer  memory  every  1/30  second 
throughout  each  test.  The  high  frequency  data  from  the  pressure  transducers 
mounted  on  the  rotor  and  a  timing/position  signal  were  measured,  digitized, 
and  stored  at  25  Msec  intervals  for  0.2  second  periods  during  each  test. 

Four  channels  of  a  transient  digitizer  were  used  to  acquire  and  store  this 
data  for  transfer  to  and  reduction  by  the  minicomputer  after  each  test.  All 
data  from  each  test  were  permanently  stored  on  floppy  disks  after  each  test. 


102 


Computations  to  determine  efficiency,  mass  flow  rates  and  leakage,  pressure 
distributions,  and  histories  were  carried  out  shortly  after  each  test, 

IV.  TEST  RESULTS  MID  COMPARISONS  WITS  CODE  CALCULATIONS 

Testing  of  the  energy  exchanger  was  conducted  for  several  configurations 
and  over  a  range  of  operating  conditions.  Configuration  changes  included 
variation  of  the  clearance  between  rotor  and  endwalls,  incorporation  of  wave 
management  ports  near  the  driven  gas  inlet  and  outlet  ports,  and  increasing 
the  area  of  the  main  driven  stream  outlet  port.  Operating  parameters  that 
were  varied  during  the  test  program  included  driver  and  driven  gas  inlet 
pressures,  driven  gas  outlet  pressure,  rotor  speed,  and  flow  rates  through  the 
wave  management  ports.  The  energy  exchanger  flow  code  was  used  to  compute 
detailed  flow  parameters  and  the  overall  performance  of  a  number  of  test 
conditions.  The  data  aire  discussed  and  compared  with  computations  in  this 
section . 

Overall  Performance  Data  and  Computations 

The  major  configuration  changes  had  significant  effects  on  the  work 
transfer  efficiency  and  flow  through  the  energy  exchanger.  Decreasing  the 
clearance  between  the  rotor  and  stationary  port  faces  reduced  the  leakage  from 
approximately  12  percent  of  the  total  input  flow  rate  to  3-4  percent  as 
predicted  by  the  leakage  model,  and  provided  a  substantial  efficiency 
improvement.  This  may  be  seen  by  comparing  the  lower  two  curves  of  Figure  6, 
where  the  dependence  of  the  energy  exchanger  work  transfer  efficiency  on 
the  driven  stream  outlet  pressure  PQ2  is  shown.  The  low  leakage  tests,  for 
which  data  is  shown  in  Figure  6,  were  conducted  at  a  driver  inlet  total 
pressure  of  2.71  atm,  a  driven  stream  inlet  stagnation  pressure  of  1.00  atm, 
and  a  driver  outlet  pressure  of  l.oo  atm.  The  rotor  speed  of  1790  rpm  gave  a 
higher  efficiency  than  the  design  speed  of  i960  rpm.  Both  inlet  and  outlet 
wave  management  ports  were  closed  for  these  tests.  The  maximum  efficiency  was 
approximately  ?o  percent  for  driven  outlet  pressures  in  the  range  of  2.2  to 
2.4  atm  for  the  low  clearance  configuration,  approximately  11  efficiency 
points  higher  than  the  high  leakage  case.  The  mass  flow  rate  into  the  driven 
outlet  manifold  decreased  continuously  as  its  back  pressure  was  raised  for 
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both  configurations,  and  caused  a  decrease  in  efficiency  as  the  pressure  ratio 
was  increased.  It  should  be  pointed  out  that  the  test  energy  exchanger  had  no 
mechanical  or  thermal  problems  operating  at  the  low  rotor-manifold  clearance, 
once  the  device  had  been  properly  aligned.  Mo  contact  occurred  during  the 
rapid  pressurization  and  flow  transients  of  the  tests,  although  some  motion  of 
the  manifolds  could  be  detected. 

A  port  configuration  change  was  suggested  by  exercising  the  unsteady 
flow  code  on  the  test  energy  exchanger  and  closely  related  geometries.  Since 
decreased  driven  stream  outflow  rates  were  observed  experimentally  at  high 
back  pressures  (see  Figure  6),  the  possibility  of  increasing  this  flow  rate  by 
extending  the  high  pressure  outflow  port  was  evaluated.  An  11  percent 
increase  in  mass  flow  rate  and  efficiency  was  predicted  to  result  from  a 
15  percent  increase  in  this  manifold  width.  Unfortunately,  resources  were  not 
available  to  disassemble  the  test  device,  to  fabricate  a  new  high  pressure 
outflow  manifold,  diffuser,  and  ducting,  and  to  reassemble  and  realign  the 
test  device.  To  examine  the  effectiveness  of  increased  manifold  width,  the 
outlet  wave  management  port,  in  Figure  2,  ducted  into  the  main  high 
pressure  port,  D2<  to  provide  matched  recovery  flow  conditions  in  the  low 
velocity  duct  downstream  of  the  device.  This  increased  the  outflow  area  by 
approximately  22  percent,  substantially  more  than  that  predicted  as  optimal  by 
the  code.  For  this  condition,  an  e  percent  improvement  in  efficiency  was 
predicted.  The  measured  high  pressure  outflow  rate  increased  by  approximately 
10  percent  and  provided  an  efficiency  rise  to  7?  »  74  percent,  as  shown  in 

the  uppermost  curve  in  Figure  6.  Tests  were  conducted  at  only  one  condition 
for  this  configuration  due  to  the  difficulty  in  matching  flows  and  to  the 
lateness  in  the  test  program  of  this  test  series.  However,  higher 
efficiencies  could  be  expected  if  tests  were  conducted  to  optimise  performance 
with  respect  to  back  pressure  and  speed. 

A  comparison  of  measured  and  computed  energy  exchanger  efficiency  is 
made  in  Pigure  7  for  the  range  of  pressure  ratios  of  the  driven  and  driver 

streams  used  in  the  low  leakage  tests  of  Figure  6.  Here  PR  is  the 

c 

compression  pressure  ratio,  i.e.,  the  ratio  of  the  driven  outlet  stagnation 
pressure  P^2  to  the  driven  inlet  stagnation  pressure  p^^.  PR^  is  the 
expansion  pressure  ratio,  i.e.,  the  ratio  of  the  driver  inlet  stagnation 
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pressure  PqD1  to  the  driver  outlet  static  pressure  PD2,  Which  was  nearly 

ambient .  variation  in  this  ratio  of  compression- to-expansion  pressure  ratios 

was  accomplished  experimentally  by  varying  the  back  pressure  of  the  driven 

outlet  stream,  P  While  maintaining  all  other  parameters  at  approximately 
002 

constant  conditions.  The  experiments  showed  that  efficiency  was  relatively 
constant  at  pressure  ratios  less  than  approximately  0.8.  At  higher  pressure 
ratios,  the  efficiency  dropped  quite  rapidly  due  to  a  decrease  in  mass  flow 
rate  into  the  constant  width,  high  pressure  outlet  manifold.  The  relative 
magnitude  of  the  computed  work  transfer  efficiency  is  in  quite  good  agreement 
with  the  experimental  data,  although  the  code  predicted  a  drop  in  efficiency 
at  lower  pressure  ratios  that  was  not  observed  in  experiments,  ttie  difference 
between  predicted  and  measured  efficiencies  is  believed  to  be  due  to  variable 
pressure  and  reversed  flow  conditions  that  occurred  in  portions  of  the  ports 
under  certain  operating  conditions.  These  nonuniform  flow  conditions  became 
greater  at  the  lower  pressure  ratios.  Fortunately,  the  actual  device 
performance  seemed  to  be  less  sensitive  to  these  nonuniformities  than  was 
predicted.  Since  constant  stagnation  or  static  pressures  were  assumed  to 
exist  across  the  inlet  and  outlet  ports,  respectively,  in  the  computer  model, 
discrepancies  between  experiments  and  the  code  are  not  surprising  at 
conditions  which  produced  nonuniform  external  flows  and  pressure 
distributions.  Upgrading  of  the  code  to  include  a  two-dimensional 
manifold/port  flow  model  would  be  very  desirable  to  better  model  actual  flow 
conditions.  However,  the  general  agreement  between  the  predicted  and  measured 
efficiencies  gives  enough  credibility  to  the  code  that  predictions  can 
reasonably  be  made  to  determine  the  effects  of  device  configuration  and 
operating  parameter  changes. 

Detailed  Flow  Measurements  and  Computations 

Very  good  agreement  also  was  seen  between  measured  and  computed 
pressures  within  the  rotor  tubes  as  they  rotated  through  repetitive  cycles, 
these  comparisons  are  made  for  tests  at  conditions  both  without  (Figure  8)  and 
with  (Figure  9)  flow  through  the  wave  management  ports.  Pressures  were 
measured  on  the  rotor  using  high  frequency  response  pressure  transducers 
located  in  one  tube  at  positions  3  cm  from  the  inlet  manifolds,  at  the  rotor 
center  plane,  and  3,5  cm  from  the  outlet  endplane  of  the  rotor.  Pressures  on 
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90  135  180  225  270  315  360 

-  LOCATION  OF  ROTOR  TUBE  RELATIVE  TO  DRIVER  EXHAUST  (degrees) 


the  rotor  at  the  inlet  end  of  the  rotor  are  shown  as  a  function  of  tube 
angular  position,  9,  through  one  rotation  (solid  curve).  The  zero  angle 
location  was  designated  to  be  at  the  start  of  the  low  pressure,  driver  gas 
exhaust  port.  Pressures  measured  at  fixed  locations  on  the  inlet  manifold 
plane  also  are  shown  as  discrete  data  points  on  these  figures.  Pressures 
measured  continuously  on  the  rotor  and  at  the  adjacent  endplane  are  in  very 
good  agreement,  although  some  high  frequency  noise  is  evident  for  the  on-rotor 
data,  ihe  computed  pressures  at  the  pressure  transducer  location  are  shown  as 
dashed  curves  in  these  figures.  Agreement  between  computed  and  measured 
pressure  histories  is  quite  good  in  the  active  portion  of  the  cycle  (i.e., 

6  <  160*).  Comparison  of  Figures  8  and  9  demonstrates  the  effectiveness  of 
the  wave  management  ports  in  canceling  pressure  disturbances. 

The  pressure  data  from  endwall  and  on-rotor  transducers  and  the  computed 
flow  properties  led  to  a  greatly  increased  understanding  of  the  operation  of 
real  energy  exchangers  and  the  dominant  wave  mechanisms.  Principal  waves  and 
loss  mechanisms  have  been  identified  and  are  discussed  in  detail  in 
Reference  3.  Computed  pressure,  velocity,  and  overall  performance 
characteristics  of  the  test  energy  exchanger,  such  as  those  cases  described 
above,  agreed  well  with  test  data  and  led  to  a  detailed  understanding  of 
energy  exchanger  operation  and  sensitivity  to  many  operating  parameters.  Zn 
the  later  portion  of  the  test  program  when  the  code  was  operational  and  its 
accuracy  established,  similar  predictions  guided  Changes  in  device  operation 
to  optimize  performance.  Additional  calculations  were  used  to  predict 
performance  improvements  that  would  be  expected  to  derive  from  changes  in  the 
test  device  configuration  and  scale,  as  discussed  in  the  following  section. 

Gas  samples  taken  from  probes  located  in  the  outlet  ports  immediately 
adjacent  to  the  downstream  face  of  the  rotor,  as  shown  in  Figure  2,  provided  a 
description  of  the  location  and  thickness  of  the  contact  surfaces  between  the 
driver  and  driven  gases.  Typical  data  are  shown  in  Figure  10,  where  the  mole 
fraction  of  driven  gas  in  driver  gas  has  been  plotted  as  a  function  of 
location  in  the  outlet  port.  The  location  has  been  nondimens ionslised  by 
dividing  by  a  rotor  tube  width,  w.  These  data  indicate  that  the  mixing  layer 
between  gases  was  approximately  one  tube  width,  as  indicated  in  Figure  3(b). 
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MOLE  FRACTION  DRIVEN  TO  DRIVER  STREAM 


ROTOR  SPEED 
1960  RPM 


DISTANCE  FROM  EDGE  OF  DRIVEN  EXHAUST  PORT  -  x/w 

81  046)) 

Figure  10.  Composition  of  Gas  Stream  Near  Location  Where  Interface 
Leaves  Rotor. 
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Teat  conditions  wore  usually  specified  so  that  the  high  pressure  contact 
surface  did  not  leave  the  rotor  at  locations  within  the  driven  gas  outlet 
port,  d  .  This  procedure  was  followed  to  eliminate  the  erroneously  high 
transfer  efficiencies  that  would  result  from  injecting  significant  quantities 
of  hot  driver  gas  into  the  driven  gas  stream.  The  locations  of  the  contact 
surface  in  the  high  pressure  outlet  region  varied  as  the  inlet  and  outlet 
pressures  and  the  rotor  speed  varied,  in  general,  their  locations  were 
reasonably  predicted  by  the  unsteady  flow  code,  as  verified  by  gas  sampling 
measurements.  All  performance  test  data  reported  above  (Figures  6-9)  came 
from  tests  in  which  the  high  pressure  contact  surface  was  not  located  in  the 
high  pressure  outlet  port,  d  . 

V.  PCRFOKMANCZ  FBOJBCTTOKS 

The  energy  exchanger  flow  code  was  used  to  predict  performance  changes 
which  would  be  associated  with  configuration  changes  to  the  test  device  and 
for  scale  changes  to  potential  power  system  components.  Projections  indicate 
that  a  100  kW  energy  exchanger  of  the  scale  of  the  test  device  could  operate 
with  a  work  transfer  efficiency  of  greater  than  80  percent.  Large-scale 
devices  operating  at  similar  flow  conditions  could  transfer  power  between  gas 
streams  with  an  efficiency  approaching  85  percent. 

A  major  improvement  in  efficiency  of  the  test  energy  exchanger  was 
projected  if  the  driven  gas  outlet  manifold  were  increased  somewhat  in  width. 
This  can  be  seen  in  Figure  11.  Here  the  projected  efficiency  is  plotted  as  a 
function  of  the  area  ratio,  where  Atf2  is  the  driven  gas  outlet  area 

and  A^  is  the  driver  gas  inlet  area,  since  the  rotor  tubes,  inlet,  and 
outlet  ports  have  constant  and  equal  height,  this  area  ratio  is  identical  to 
the  angular  width  ratio  of  the  ports.  Zn  these  computations,  the  variation  in 
outlet  port  area  was  accomplished  by  extending  or  contracting  the  angular 
extent  of  the  port  systoetrically  about  the  port  centerline,  these 
calculations  were  done  for  a  driven-to-driver  pressure  ratio,  PR^PI^,,  of  0.95 
and  a  rotor  speed  identical  to  that  of  Figure  7.  Note  that  at  this  pressure 
ratio,  the  projected  and  measured  efficiencies  were  substantially  below  the 
maximum  seen  in  Figure  7  for  the  test  device  area  ratio  of  0.89  and  a  pressure 
ratio  of  0.84.  The  inlet  wave  management  port  was  used  in  the  calculations  of 
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80 


N  =  1790  rpm 
PRc/PRt  =  .95 


Figure  XI.  Predicted  Variation  of  Transfer  Efficiency  With  Driven 
Stream  Port  Width. 


Figure  11,  resulting  in  an  improvement  in  efficiency  of  4  percentage  points 
with  respect  to  the  equivalent  pressure  ratio  and  test  device  area  ratio  in 
Figure  7.  For  reference,  an  area  ratio  of  0.935  would  be  specified  for  an 
ideal  wave  system.  The  transfer  efficiency  was  projected  to  increase  by 
approximately  6  percentage  points  to  76  percent  if  the  high  pressure  outlet 
port  area  were  increased  from  the  test  ratio  of  0.89  to  approximately  1.05, 
where  performance  is  projected  to  optimize  at  this  operating  condition. 

several  other  configuration  changes  were  projected  to  further  increase 
the  efficiency.  Reducing  the  regions  of  blank  endwall  from  that  used  in  the 
test  device  to  the  minimum  required  for  operation  would  reduce  leakage  to  less 
than  1  percent  of  the  total  flow  and  improve  the  efficiency  by  3  to 
4  efficiency  points.  Changing  the  low  pressure  port  widths  and  locations 
slightly  to  optimize  real  energy  exchanger  operation  would  improve  efficiency 
by  almost  one  efficiency  point.  Moving  the  high  pressure  ports  relative  to 
one  another  is  projected  to  have  a  similar  effect.  The  energy  exchanger  code 
indicates  that  the  combined  effect  of  all  of  these  changes  would  provide  a 
transfer  efficiency  of  so  percent  for  an  optimized,  100  kw  size  energy 
exchanger. 

Additional  calculations  have  been  made  to  evaluate  the  potential 
efficiency  of  large  energy  exchangers.  The  devices  considered  were  similar  to 
the  optimized  small  energy  exchanger  and  operated  at  similar  conditions,  but 
were  scaled  up  to  handle  100  to  1000  times  more  flow,  projections  indicate 
that  work  transfer  efficiencies  as  high  as  S$  percent  may  be  feasible  for  such 
large-scale  devices. 


The  work  described  in  this  paper  was  sponsored  by  the  U.S.  department  of 
Energy  Basic  energy  Sciences  Division  under  Contract  DE-AC06-7S-ER010S4. 
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likely. 
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transfer  spoils  compression  elfy. 
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'vuh  accepted  tuecnuuicui  Lumen. 


118 


*  Function  in  to  replace  compressor 
and  turbine  of  HI*  spool. 

♦  ‘;uci:e.s.-iful  design  must  therefore 
have  a  winning  ccm tuna t ion  of 
simplicity  and  efficiency  relative 
to  existing  Moody'  flow  machines. 
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A  GAS  WAVE-TURBINE  ENGINE  WHICH  DEVELOPED  35  11. P. 


AND  PERFORMED  OVER  A  6:1  SPEED  RANGE. 

R.D.  Pearson,  University  of  Bath,  U.K. 

March  1985, 


Summary 

An  engine  of  9  inch  rotor  diameter  and  3  inch  length  was  operated  for 
about  300  hours  developing  a  gas  energy  output  of  24  horse  power  when 
used  in  the  mode  of  pure  pressure  exchange  and  35  horse  power  in  its 
design  mode  as  a  shaft  power  machine. 

The  engine  used  pressure  wave  processes  for  compression  and  expansion 
during  its  single  cycle  per  revolution  in  the  known  manner  of  pressure 
exchange  but  power  was  developed  from  the  difference  in  whirl  momentum 
of  gases  entering  and  leaving  the  rotor  in  the  manner  of  a  turbine. 

Special  design  features  were  incorporated  which  enabled  a  wide 
operating  speed  range  to  be  accommodated  without  recourse  to  adjustable 
stator  porting.  Prior  to  this  development  such  machines  were 
considered  operable  only  over  very  narrow  ranges  of  speed  or  needed 
slideable  stator  ports  and  these  would  have  involved  excessive  cost  and 
mechanical  complication  together  with  increased  maintenance  and 
reduction  in  reliability. 

The  engine  started  at  the  first  attempt  accelerating  unassisted  from 
3,000  RPM  to  its  maximum  safe  speed  of  18,000  RPM.  It  ran  with 
extremely  stable  speed  and  was  very  controllable.  A  thermal  efficiency 
of  only  ten  percent  was  recorded  but  the  engine  was  naturally  aspirated 
and  had  no  assistance  from  scavenge  fans.  Low  pressure  scavenge  fell 
short  of  requirements  and  provides  a  main  explanation  for  failure  to 
achieve  design  power.  Also  the  machine  contained  no  heat  resisting 
metals  except  for  the  combustor  liner.  Even  so,  pressure  ratios  of  up 
to  4.5:1  were  attained. 

In  view  of  the  limitations  considerable  potential  for  development  could 
be  inferred  and  it  is  tragic  that  the  source  of  funding  was  severed  just 
when  success  seemed  so  close. 
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INTRODUCTION 

A  Personal  History  o £ _ Pressu re  Exchange . 

The  first  person  will  be  used  for  Dus  section  since  it  is  the  most 
appropriate.  This  historical  record  has  not  been  given  before  buL  it 
seems  the  best  way  of  answering  many  questions  which  my  readers  are 
likely  to  be  asking  such  as  "Why  was  this  programme  not  pursued 
following  early  successful  demonstration?"  or  "Why  did  no  publication  of 
the  work  appear  at  the  time?"  Also  there  are  many  lessons  to  be  drawn 
from  the  errors  made.  1  have  decided  to  start  right  at  the  beginning 
and  then  I  was  13  years  old! 

Early  Experiments 

My  father  was  a  science  schoolteacher  with  a  very  strong  engineering 
bent.  He  had  a  fully  equipped  modelling  workshop  and  spent  his  spare 
time  making  model  petrol  engines  complete  with  magnetos  or  coils.  So  I 
had  an  early  advantage.  Ue  showed  me  how  to  make  small  steam  turbines 
from  tin  cans.  They  had  thin  flexible  shafts  and  shook  violently  as 
they  passed  through  their  critical  speeds.  Later,  much  to  his 
subsequent  dismay,  he  demonstrated  how  a  can  could  be  exploded  by  using 
a  gas/air  mixture. 

My  response  was  to  try  driving  a  turbine  by  successive  explosions  using 
a  fan  to  scavenge  the  combustion  space.  The  arrangement  is  shown  in 
Tig.l.  The  explosions  were  too  weak  and  it  proved  far  more  difficult  to 
achieve  an  adequate  repetition  rate  than  Z  ever  imagined,  x  thought  it 
a  good  idea  to  try  first  to  improve  explosive  power.  Perhaps  if  one  tin 
can  exploded  into  a  second,  thereby  compressing  a  combustible  mixture, 
the  desired  improvement  would  arise.  The  result  exceeded  my  wildest 
expectations.  The  stillness  of  the  summer  evening  was  shattersd  by  the 
report  and  the  primary  stago  -  a  two  pound  treacle  tin  -  vanished.  It 
was  then  observed  apparently  motionless  but  tumbling  at  a  high  altitude 
•  probably  two  to  three  hundred  feet  in  the  air.  Explosion  of  a  simple 
can  will  only  lift  the  lid  about  tour  feet.  All  excited  1  gave  dad  a 
demonstration  and  felt  squashed  to  see  the  enthusiasm  not  shared, 
indeed  he  went  grey  and  stern  and  forbade  any  further  combustion  trials 
with  the  available  town's  gas.  do  from  that  Lime  on  ail  work  had  to  be 
earned  out  in  secret  whilst  dad  was  out  flying  his  model  aeroplane*. 

Ideas  for  double  chamber  exploders  for  driving  turbines  were  followed  by 
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strings  and  then  the  ends  were  joined  to  form  a  circle.  The  idea  was 
Lot  each  chamber  or  "cell"  to  explode  into  the  next  and  there  were  to  be 
about  twenty  cells  in  the  hope  that  by  the  time  the  explosion  had 
travelled  round  the  circle  a  gas  air  mixture  would  have  refilled  them  so 
the  explosion  would  become  continuous. .  After  that  the  ring  would  be 
mounted  on  a  shaft  so  that  with  a  tangential  outlet  from  each  cell  the 
whole  device  would  spin  liice  a  Catharine  wheel  (Fig.  2). 

I  thought  non-return  valves  would  be  needed  to  prevent  the  explosion 
going  backwards.  Others  would  prevent  discharge  to  the  inlet.  But 
these  requirements  would  involve  an  excessive  number  of  moving  parts. 
Perhaps  "centrifugal  force"  could  be  utilised  -  we  had  just  learned 
about  it  at  school.  A  thing  I  called  a  "vortex  valve"  was  made  in 
tinplate  arid  tested  by  hanging  plates  on  cotton  threads  from  a  high 
shelf.  One  plate  was  close  to  the  inlet,  the  other  opposite  the  outlet 
of  a  combustion  cell.  This  is  shown  in  Fig.  3.  It  proved  very 
effective,  the  "inlet"  plate  hardly  moving  whilst  the  outlet  plate  hit 
the  shelf.  I  never  finished  the  ring  cell  model,  losing  confidence 
that  it  would  work  because  l  had  no  idea  how  fast  air  or  the  explosion 
would  travel.  X  know  now  that  the  vortex  valves  would  not  be  needed 
and  still  think  the  general  idea  feasible,  but  have  never  tried  it  out. 

Indeed  problems  of  mixture  strength  control  could  be  easier  since  flow 
would  be  steady  at  the  centre  where  air  and  fuel  would  be  admitted. 
The  device  could  be  easily  mass  produced  needing  no  fine  clearances  or 
accurate  manufacture.  It  might  one  day  find  application  in  gas 
turbines  as  toppers  or  in  combined  steam  cycle  plant  using  gasified 
coal,  since  no  dilution  air  would  be  required.  It  is  the  need  for 
dilution  which  prevents  combined  gas  -  steam  cycles  achieving  more  than 
about  3  percentage  points  improvement  m  thermal  efficiency  despite 
considerable  extra  cc*q>lication.  l  went  back  to  single  chambers. 

I  knew  turbines  worked  best  with  steady  flow  so  the  next  step  involved  a 
receiver  fitted  with  non-return  valve.  Explosions  pumped  gas  into  the 
receiver  (Fig.  4). 

rtst  Pressure  Exchanger. 

Then  l  had  an  inspiration.  X  could  solve  the  difficulty  of 
intermittent  combustion  by  using  the  receiver  as  a  steady  flow  combustor 
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if  I  used  a  rotary  valve  to  dump  spent  gas  Irom  the  explosion  chamber, 
now  converted  to  a  compression  cell,  and  earned  out  compression  by 
opening  this  to  the  receiver. 

Two  scavenging  stages  were  now  needed.  one  at  atmospheric  pressure  to 
purge  the  cell  of  combustion  products  and  replace  these  with  a  fresh  air 
charge,  the  other  at  maximum  cycle  pressure  to  transfer  the  compressed 
air  to  the  combustor  and  replace  it  with  high  pressure  hot  combustion 
products.  Pans  were  to  be  used  for  each  to  effect  transfer  but  the 
cells  were  to  be  made  long  and  narrow  so  that  gas  inertia  could  assist. 

1  did  not  trust  this  to  be  effective  on  its  own  as  1  had  no  knowledge 
for  estimating  its  magnitude. 

Hie  cycle  is  illustrated  schematically  in  Pig.  D  and  pressure-volume 
diagrams  are  included  to  illustrate  the  processes  of  compression  by 
pressure  equalisation  and  expansion  by  cell  isolation  followed  by  the 
opening  of  one  end. 

energy  was  clearly  released  by  each  of  these  processes  and  if  turbines 
were  incorporated  power  could  be  extracted.  Two  important  facts 
however  were  evident.  Pirat  even  if  all  this  power  were  wasted  the 
device  could  still  provide  a  positive  output  by  bleeding  air  from  toe 
combustor.  Second,  if  this  power  was  tapped  it  provided  nearly  twice 
the  output  of  a  purely  constant  volume  explosion  device  working  between 
the  same  pressure  limits. 

The  perfect  gas  law  could  be  applied  to  the  cell  states  at  the  points  of 
completion  of  low  and  high  pressure  scavenge  in  order  to  estimate  the 
combustion  pressure  which  ought. to  be  attained  i 

P1  V1  “  *1  R  Tl  **£*ts  to  end  of  LP  scavenge,  and 

P2  V2  *•  »2  R  t2  refers  to  end  of  UP  scavenge,  but 

k  is  the  gas  constant  so  by  division  »- 

**2  *2  t2 

*  4 

1*7  ml  1*7 

The  cycle  pressure  ratio  was  therefore  independent  of  the  cycle 
repetition  rate.  It  would  increase  with  combustion  tc^erature  and 
reduce  as  Nj  reduced  fay  blooding  air  irom  the  combustor. 
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Thau  was  my  first  pressure  exchanger  and  had  only  one  stationary  cell. 

1  never  finished  making  it  because  a  multiple  cell  version  evolved. 
Then  1  turned  it  inside  out.  The  stationary  ring  of  cells  became  a 
rotor,  the  rotary  valve  the  stator.  And  then  1  added  transfer  passages 
connecting  expansion  to  compression  processes  to  improve  compression 
efficiency.  A  shrouded  rotor  was  used  and  with  slots  m  the  shroud  for 
interaction  with  these  transfer  passages.  The  latter  were  tuned  to  the 
same  frequency  to  further  improve  efficiency  so  1  called  it  a  "resonie 
cascade  compressor" . 

All  this  wa3  made  very  difficult  by  the  attitude  of  my  father  whom  I 
greatly  respected.  But  he  was  totally  opposed  to  my  experimentation 
since  it  was  "cranky  and  ridiculous  and  could  never  work  because  if  any 
of  these  ideas  were  any  good  they  would  have  been  worked  on  already", 

flow  right  he  was.  By  the  time  the  model  was  finished  and  ready  for 
test  1  was  an  undergraduate  about  to  take  a  London  External  degree  by 
study  in  evening  school  at  the  local  Chesterfield  Technical  College.  I 
had  by  this  time  some  six  years  workshop  experience  as  a  works 
apprentice  at  a  colliery  engineering  factory.  1  felt  a  sudden  urge  to 
visit  the  local  reference  library,  something  I  had  not  done  tor  over  a 
year.  The  first  book  I  noticed  was  a  new  periodical  "The  Oil  Engine 
and  Gas  Turbine".  It  fell  open  at  a  page  entitled  "Pressure  Exchanger" 
and  l  remember  thinking  what  a  good  name  this  would  have  been  tor  my 
machine.  1  was  crestfallen  after  reading  the  article  as  1  recognised  it 
as  a  greatly  advanced  version  of  my  own  scheme.  it  was  my  first 
introduction  to  the  idea  of  utilising  wave  processes  in  the  rotor  cells. 
I  had  ignored  wave  action  in  the  these  yet  had  carefully  designed  waves 
into  the  stator  transfer  passages!  The  article  described  a  Brown 
Dover ie  machine  for  fitting  to  a  gas  turbine  railway  engine.  Hie 
concept  is  illustrated  m  Fig.  G.  The  upper  figure  is  a  rotor 
development  showing  cells  moving  £r<  left  to  right.  Owing  to  this 
motion  waves  in  the  cells  have  an  inclined  absolute  direction,  the 
inclination  increasing  with  rotor  speed.  Since  port  edges  are  timed  to 
match  waves  as  shown,  the  speed  is  fixed  for  a  given  design  of  porting, 
cells  containing  combustion  products  above  air  inlet  pressure  arrrve  at 
port  3  opening  one  end  to  exhaust  k  and  creating  a  rarefaction  wave  from 
j  to  4  where  the  air  inlet  is  timed  to  open. 


Since  gas  velocities  are  much  lower  than  those  of  wave  fronts  a  so 
called  “contact  surface"  between  incoming  air  and  exhaust  gas  I4 
proiects  into  the  cells  to  form  low  pressure  scavenging,  whereby  they 
are  refilled.  1116  gas  velocity  is  generated  by  decompression  as  tfie 
wave  passes. 

Similarly  high  pressure  scavenging  is  initiated  by  opening  to  'the  outlet 
from  the  combustor,  port  G,  compression  wave  1  to  2  is  generated  by 
opening  cells  to  edge  1  arid  contact  surface  1^  is  formed  between 
incoming  high  pressure  hot  gas  and  outgoing  compressed  air.  Other  waves 
7  to  8  and  5  to  6  arise  as  port  edges  close  and  stop  the  flow.  such 
rotor  developments  are  now  known  as  “Wave  Position  Diagrams". 


I  managed  to  obtain  about  five  pounds  per  square  inch  pressure  and  at 
least  the  flame  was  supported  in  the  combustor  but  I  had  lost  Interest, 
knowing  my  design  to  be  obsolete. 


After  graduation  1  Domed  NOTE  to  learn  about  real  ga*»  tuibine  engines 
but  not  much  interest  could  be  raised  there  regarding  pressure  exchange. 
1  rented  a  workshop  in  Leicester  and  used  the  old  2l/v  inch  rotor  for 
some  experiments,  using  it  to  try  and  obtain  power  by  explosive 
combustion  in  the  rotor  cells.  these  had  their  outlets  swept  back  at 
4ti  degrees  so  could  act  as  reaction  blading  for  explosively  induced 
pressure  rise.  A  stator  pocket  was  provided  to  induce  compression  and 
ignition.  Gas/air  mixture  was  introduced  at  the  intake.  No  power 
was  generated  th^ouqh  spectacular  displays  of  flame  emerged  from  the 
exhaust . 

MIL  First  "Gas  Wave  Turbine"  or  "Pressure  Exchange  Engine". 

But  by  this  time  1  had  developed  a  method  of  wave  plotting  after  reading 
an  JMechE  paper  by  Bannister  and  Mucklow.  This  led  me  to  realise  the 
Brown  Boven  machine  had  limitations  which  could  be  bettered.  in 
particular,  transients  caused  by  the  interaction  of  finite  cell  width 
and  port  edges  needed  careful  analysis.  J  also  evolved  a  wave  plan 
which  would  permit  operation  over  a  wide  speed  range  without  adjustable 
porting.  Energy  would  be  wasted  unless  the  rotor  ran  at  high  speed  as 
then  unavoidable  high  speed  transient  jets  could  be  converted  to  rotor 
work.  Hence  what  1  now  call  a  "uas  Wave  Turbine"  or  u.w.T.  was  born. 
Also  for  a  given  number  of  cells  per  cycle,  friction  of  gases  flowing 
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through  the  rotor  would  reduce  as  design  speed  increased.  This  was 
because  rotor  length  must  vary  inversely  with  KPM.  Hence  rotors  ought 
to  run  as  fast  as  possible.  Analysis  then  showed  it  difficult  to 
obtain  pressure  exchange  without  shaft  work  when  designed  for  wide  speed 
range.  An  optimum  arrangement  had  no  gas  bleed  from  the  combustor. 

Then  a  most  useful  paper  by  A.  Kantrowitz  (2)  appeared.  it  compared  a 
theoretical  graphical  method  somewhat  similar  to  my  own  with 
experimental  data  obtained  from  a  cell  rotor  operated  with  compressed 
air.  Only  half  the  rotor  cycle  was  utilised  to  allow  die-away  of 
residual  waves  before  the  next  cycle  started.  nils  answered  my  main 
question  in  the  affirmative.  1  now  knew  I  could  make  a  running  engine 
because  the  theoretical  method  would  adequately  predict  real  working. 

1  left  to  go  it  alone.  My  father  had  now  changed  his  attitude  and 
encouraged  this.  I  would  devote  six  months  to  making  a  small  running 
demonstration  engine  and  with  this  would  have  little  trouble  attracting 
the  funding  needed  for  a  full  scale  commercial  venture. 

Or  so  I  thought  I  In  the  event  it  took  9  months  just  to  develop  the 

combustor  to  achieve  satisfactory  performance.  It  was  three  years 
before  even  short  demonstration  runs  were  achieved.  1  had  decided  the 
application  to  choose  was  an  alternative  propulsion  unit  for  small 
pleasure  boats.  Here  novelty  would  be  important  and  existing  single 
cylinder  outboard  motors  were  often  hard  to  start  and  caused  unpleasant 
vibration.  Starting  of  my  turbines  would  be  no  trouble  and  they  would 
be  vibrationless.  Poor  fuel  consumption  expected  m  the  early  stages 
would  be  a  minor  consideration. 

Hut  now  for  the  major  error' of  judgement t  To  cut  corners  and  save  time 
I  decided  to  build  the  new  engine  around  the  old  inch  pressure 

exchanger  rotor.  Hus  had  taken  much  time  to  construct,  it  needed  only 
a  new  running  shroud,  and  I  wished  to  avoid  the  expenditure  of  as  much 
time  as  possible.  Had  I  not  compromised  thus  X  think  I  would  have 
achieved  success  in  about  a  year  with  a  much  better  engine  to  show  at 
the  end. 

Never  compromise  by  trying  to  make  do  with  old  rotors  i  Start  again 
from  scratch. 
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This  rotor  had  only  16  cells  which  was  far  too  lew  a  number  as  I  knew 
|ier£ect]y  well.  Cell  opening  and  closing  losses  would  be  excessive  so 
I  decided  to  start  by  investigating  these.  I  constructed  a  wooden  cell 
model  for  use  in  a  water  channel.  This  was  conveniently  provided  by 
damning  up  the  stream  at  the  bottom  of  my  parents*  garden.  The  model 
is  illustrated  in  Fig.  7  together  with  the  test  results.  A  sliding 
wedge  represented  a  stator  port  and  deflectioa  of  the  fluid  leaving  the 
cell  outlet  was  measured  for  two  cases,  one  representing  a  high  angle 
nozzle  of  70°,  the  other  representing  a  cell  having  an  outlet  angle  of 


Deflection  is  caused  by  partial  opening  and  causes  severe  loss  of  power. 
The  results  were  used  also  for  determining  boundary  conditions  at 
partial  port  opening  for  predicting  pressure  wave  development  in  the 
cells.  For  this  purpose  the  results  ate  transformed  to  the  chart  shown 
in  Fig.  8. 


Subsequent  wave  plotting  appeared  to  indicate  that  a  workable  design 
could  be  achieved.  The  engine  was  hvjilt,  the  rotor  being  dynamically 
balanced  on  a  crudely  constructed  purpose  made  machine.  It  took  a  long 
time  and  many  modifications  before  self  sustained  accelerations  were 
achieved. 


A  photograph  of  the  finished  engine  is  shown  in  Plate  1  and  Plate  2 


shows  it  dismantled. 


Low  pressure  scavenge  was  totally  inadequate  and  had  to  be  boosted  by 
tour  injectors  bleeding  compressed  air  from  the  combustor.  Also  some 
variable  geometry  had  to  be  fitted.  These  were  two  position  vanes  to 
provide  a  low  and  a  high  speed  range.  In  the  end  acceleration  could  be 
achieved  unassisted  from  5000  RPM  to  24.000  RPM  but  this  was  the  low 
speed  range.  Design  speed  was  45,000  RPH  but  this  was  never  reached 
owing  to  poor  features  of  mechanical  design  which  resulted  in  seizures 
and  bearing  failures  caused  by  heat  soak  on  shutdown. 


High  pressure  scavenging  appeared  to  be  adequate  once  the  low  pressure 


scavenge  was  assisted  by  the  injectors. 


Combustion  was  intermittent 


and  erratic  until  this  was  done.  Also  a  low  pressure  pre-scavenge  duct 


had  been  added  and  also  made  considerable  improvement . 


This  can  be 


seen  in  Plate  1  near  the  hot  tom.  The  combustor  is  at  the  top.  The 
engine  had  a  transfer  duct  between  HP  scavenge  and  LP  pre  scavenge  which 
effected  partial  expansion  by  abstracting  residual  air  for 
re-introduction  at  cell  outlets  via  high  angle  nozzles.  These  provided 
a  drive  by  making  use  of  most  of  the  energy  available  from  the  pressure 
equalisation  process  prior  to  high  pressure  scavenge.  Simultaneously 
this  air  fed  in  with  opposite  cell  ends  closed,  generated  most  of  the 
required  pressure  rise. 

No  fan  assistance  was  ever  given  to  either  of  the  scavenging  stages 
despite  the  *S*  shaped  cells.  These  were  angled  forward  at  inlet  to 
give  minimum  incidence  during  scavenge,  were  axial  for  the  most  part  and 
bent  back  at  42°  at  the  rear,  so  providing  substantial  reaction  with 
consequent  impedance  to  scavenging  flow.  it  is  not  surprising  that 
difficulties  of  development  were  experienced. 

PRIOR  ART 

A  businessman  and  owner  of  several  companies,  Mr.U.E.  Hooton,  was 
interested  in  promoting  the  project.  He  organised  the  formation  of  a 
development  company  in  conjunction  with  Ruston  and  Hornsby  Ltd.  of 
Lincoln  and  Dr.  G.8.R.  Fielden,  FRS,  then  their  technical  director,  gave 
this  his  enthusiastic  support.  The  new  company  was  called  "Rotary 
Power  Ltd."  and  I  was  Technical  Director.  All  funding  was  provided  by 
Ku8ton‘3.  They  first  made  a  very  thorough  patents  search  and  provided  a 
stack  of  documents  more  than  three  inches  thick.  it  made  very 
depressing  reading.  About  80%  of  all  the  ideas  I  had  worked  on  were 
described.  It  was  like  reading  a  history  of  my  own  thinking.  Hie 
story  began  in  1908  with  two  patents  by  Knauff  (i/(4)  which  anticipated 
first  a  shaft  power  machine  and  second  a  so  called  Lebre  type  static 
pressure  exchanger  (very  similar  to  my  "resonic  cascade  compressor"), 
it  was,  however,  not  until  1929  that  the  essenticl  wave  nature  of  the 
unsteady  processes  were  designed  in  by  Hans  Burghard  (5)  and  this 
anticipated  the  work  of  Seippel  (8)  whose  "comprex"  patent  of  1941  is 
well  known  and  was  part  of  the  Brown  Boverie  attempt  to  develop  the 
railway  loco  engine  mentioned  earlier. 

It  is  usual  in  research  to  first  review  all  existing  literature  relating 
to  the  field  to  avoid  duplication  of  effort.  My  experience  leads  me  to 
think  that  this  should  be  delayed  several  months  at  least  so  that  the 
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newcomer  can  start  with  a  completely  open  mind.  He  may  find  an 
important  alternative  approach  to  which  his  mind  could  be  blocked  if 
exposed  too  soon  to  prior  art. 

A  9  inch  Rotor  Size  Experimental  Gas  Wave  Turbine 

The  design  principles  used  in  the  2* / A  inch  model  were  refined  and  a  new 
engine  designed  with  careful  attention  to  detail.  This  would  have  to 
work  straight  away  without  the  mechanical  limitations  experienced 
earlier.  A  kinetic  design  was  decided  upon  so  that  the  bearings  would 
be  supported  on  a  cool  frame  and  this  would  also  carry  the  hot  stators. 
It  was  hoped  that  thermal  distortions  could  be  controlled  this  way  and 
make  it  unnecessary  to  have  more  than  one  thermodynamic  cycle  per 
revolution  -  another  way  of  balancing  thermal  effects.  The  latter  Is 
undesirable  because  it  doubles  the  number  of  cells  needed  and  so  halves 
the  cell  wall  thickness.  Since  pressure  exchange  involves  cyclic 
pressure  variation  the  cell  walls  are  subjected  to  alternating  stresses 
making  a  perfect  fatigue  machine.  Fatigue  stresses  increase  with  the 
square  of  the  number  of  thermodynamic  cycles  per  revolution,  if  wall 
thicknes3/pitch  ratio  is  fixed,  and  so  a  single  cycle  is  safest. 

The  mechanical  design  is  illustrated  m  Plate  3  giving  an  exploded  view 
whilst  the  assembled  version  is  given  in  Plate  4.  The  4  inch  bore 
metering  nozzle  shown  in  the  foregound  enabled  the  airflow  induced 
tii.j.i.tj  iuw  pressure  scavenge  to  be  measured.  The  smaller  downward 
facing  inlet  provided  cooling  air  to  the  rotor  shaft  in  order  to  limit 
thermal  expansion.  The  rotor,  shown  in  Plates  6  and  7  had  thin  walled 
obtuse  cones  connecting  with  the  shaft  for  limiting  heat  soak  and  this 
also  minimised  axial  expansion.  The  entire  rotor  was  made  from 
"Fortiwfld”,  a  material  only  slightly  more  heat  resistant  than  mild 
steel.  Jessops  H46,  a  ferritic  turbine  disc  material,  had  been 
selected  but  could  not  be  obtained  in  reasonable  time.  The  more  exotic 
nimomcs  or  other  turbine  blade  metals  were  avoided  because  one  aim  was 
to  demonstrate  that  cheaper  non  strategic  materials  were  acceptable. 

A  stator  ring  (third  item  from  left  Plate  3)  connected  stators  with  the 
cool  frame  and  was  cast  m  light  alloy,  but  apart  from  the  combustor 
liner  and  bronze  bearings  all  other  parts  were  made  in  mild  steel. 

The  combustor  was  a  scaled  down  Ruston  TA  design  and  was  developed 
separately  by  a  Ruston  team.  It  is  interesting  that  this  "elbow 
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chamber"  evolved  an  antichamber  at  the  rear  just  as  the  one  I  developed 
tor  the  smaller  model.  It  was  found  essential  for  operation  over  a 
wide  fuel/air  ratio  range. 

The  stators  were  complex  as  shorn  in  detail  in  Plates  9  and  lo.  Ports 
were  subdivided  more  than  would  have  been  the  case  for  a  prototype,  the 
idea  being  to  assess  flow  details  jjy  separate  measurement  in  each 
sub-duct.  This  turned  out  to  be  a  mistake  because  it  made  the  engine 
look  very  ugly.  Later  this  appeared  to  be  a  primary  reason  for 
rejection  by  Rolls  Royce.  Some  of  their  top  men  witnessed  what  I 
considered  to  be  a  convincing  demonstration  run,  but  they  were  clearly 
unimpressed  and  it  was  obvious  that  they  considered  the  machine  bizarre. 
It  would  have  been  better  to  have  designed  a  cheaper,  simpler  and  more 
elegant  machine  for  demonstration  without  bothering  too  much  about  data 
aquisition.  This  should  have  been  allocated  to  the  next  machine  built. 

The  ports  shown  in  Plate  10  can  be  identified  from  the  development  shown 
in  Plate  9  since  the  cc  inlet  12  (to  combustor)  is  at  3  o'clock  for  the 
rear  stator  (Left  Plate  10)  and  the  c.c.  outlet  12A  at  9  o'clock 
( right ) .  Rotor  movement  is  clockwise  referred  to  the  rear  stator .  The 
high  angle  driving  nozzles  are  at  12  o'clock  and  these  are  followed  by  a 
high  pressure  prescavenge  outlet  arranged  to  give  good  high  pressure 
scavenge  over  a  wide  speed  range.  For  the  same  reason  a  low  pressure 
prescavenge  duct  at  4  o'clock  on  the  front  stator  (U>PS)  is  fitted.  The 
very  small  holes  are  static  tappings  for  pressure  measurement. 

As  in  the  2 Vi  inch  machine  no  scavenge  fans  wer''  used.  In  consequence  a 
rapid  slowing  of  cell  gas  occurs  during  low  pressure  scavenge  resulting 
m  high  speed  discharge  to  the  first  ports  5  and  6  followed  by  lower 
speed  flow  to  9  and  9.  This  is  why  the  exhaust  ducts  are  spit  and  h^.ve 
different  angles  as  measured  from  the  axial  direction.  High  pressure 
scavenge  is  not  affected  in  this  way  due  to  the  density  of  air 
discharged  being  greater  than  that  of  hot  gas  admitted. 

In  Fig, 9  a  wave  position  diagram  shows  the  port  development  more 
clearly.  Host  waves  have  been  omitted  for  clarity  but  the  mam  wave 
fronts  are  show  with  F  marking  ttie  foot  and  II  the  head  so  F  marks  the 
start  and  H  the  end  of  pressure  and  gas  speed  change  over  a  wave  front. 

M  marks  the  "half  wave"  point  and  two  H  lines  have  a  plateau  of  constant 


slate  linking  them  showing  that  a  wave  has  been  deliberately  arranged  to 
develop  m  two  stages  with  tolerance  to  speed  variation  in  mind. 

solid  lines  indicate  compression  waves,  when  two  merge  a  shock  S  such  as 
at  4  is  generated,  dashed  lines  are  rarefactions  and  chain  dashed  are 
contact  surfaces  between  air  and  hot  combustion  products.  It  used  to 
require  eight  to  twelve  weeks  at  6  days/week  10  houts/day  to  plot  a 
single  design  diagram  in  the  detail  required.  All  waves  refer  to  the 
leading  cell  wall  as  datum  and  it  needs  to  be  borne  in  mind  that  the 
same  state  exists  over  one  pitch  o£  the  cell  as  it  carries  through  the 
cycle.  The  wave  foot  F  arises  as  soon  as  a  cell  leading  wall  opens 
pa3t  a  port  edge,  e.g.  wave  (22)  caused  by  opening  to  first  exhaust  1^,^, 
but  wave  head  H  arises  one  pitch  later  at  the  point  of  full  opening. 
The  position  of  initiation  of  intermediate  points  is  found  using  Fig. 
SB. 

The  full  pressure  amplitude  ("p-^)  is  first  determined  and  (11p-n)/rrn 
found.  This  might  be  .09  for  example.  Then  the  wave  starting  points 
tor  the  V4«  l/2i  J/4  and  y/a  fractions  of  full  wave  amplitude  can  be 
read  off.  In  this  case  the  y/6  values  would  be  .15,  .33,  .55  and  .82 
respectively  and  so  tend  to  crowd  toward  the  opening  point  giving  a 
concave  shape  to  a  n-time  pressure  profile.  A  similar  chart  for 
compression  wave  generation  can  be  plotted  and  yields  the  opposite  -  a 
convex  n-time  profile. 

Identification  of  Ports  and  Stages  (Fig.  9) 

Suffix  i  is  the  inlet  stator  o  the  outlet. 

Ljl  to  box  1B  hl9h  speed  low  pressure  scavenge 
Lx 2  to  Log  is  low  speed  low  pressure  scavenge 

Np  produces  a  transient  depression  to  reflect  as  F(6)M  for  providing 
insensitivity  to  rotor  speed. 

Rx  -  compression  pocket  with  driving  nozzles. 

Pjli  '  high  pressure  prescavenge  inlet 
Ho  •  ••  "  "  outlet. 

This  combination  gives  insensitivity  to  rotor  speed  variation  for  high 
pressure  scavenge. 

The  compression  pocket  Rx  13  f*om  both  Rq  and  from  R.  The  latter 
collects  remaining  air  mixed  with  some  hot  products  from  cells 


undergoing  expansion  a£ter  leaving  the  high  pressure  scavenging  stage, 
ho  is  the  compressed  air  outlet  connecting  wtth  the  steady  flow  gas 
turbine  type  combustor. 

Pjjl  is  a  high  angle  nozzle  fed  with  air  drawn  from  outside  the  combqstpr 
liner. 

lit  is  the  main  hot  gas  outlet  from  the  combustor  providing  high  pressure 
relatively  free  from  unwanted  carry  over  waves.  This  also  occurs  over  a 
wide  range  of  rotor  speed. 

Power  Measurement 

I  had  intended  constructing  a  matching  dynamometer  for  power  measurement 
but  was  strongly  advised  by  the  board  of  directors  to  purchase  a 
proprietary  machine  which  would 'be  fully  developed.  I  should  not  waste 
my  time  developing  ancillary  equipment.  Although  I  could  not  fault 
this  logic  I  had  a  very  strong  feeling  of  apprehension  regarding  this 
policy.  as  will  be  described  this  "hunch"  should  have  been  heeded  and 
from  other  similar  experiences  it  is  my  strong  recommendation  that  such 
strong  hunches  should  not  be  dismissed  lightly. 

In  the  event  a  Heenan  and  Froude  DPX  190  hydraulic  dynamometer  was  sold 
to  us  rated  for  use  up  to  20,000  rpm. 

First  Trials 

Plate  4  shows  the  engine  alone  ready  for  the  first  trial.  h  small 
confessed  air  pipe  can  be  seen  far  right.  Tlus  ended  m  a  small 
starting  air  jet  which  impinged  on  the  rotor  blades  and  was  sufficient 
to  spin  it  to  3,000  RPM.  The  combustor  was  ignited  by  opening  a  valve 
on  the  calor  gas  cylinder  and  firing  a  spark  plug.  Gas  oil  was  then 
admitted  and  the  calor  gas  shut  off. 

The  engine  immediately  responded  accelerating  to  full  design  speed  of 
10,100  RPM  at  the  very  first  attempt .  Everyone  was  very  excited  at 
such  a  promising  beginning  and  the  dynamometer  was  hurriedly  fitted. 

Next  day  the  first  power  measurements  were  made  and  Dr.  Fieiden  brought 
in  Sir  Frank  Whittle,  inventor  of  the  first  British  jet  engine,  to 
witness  this.  And  the  following  day  saw  a  demonstration  to  the  entire 
Ruaton  Board  some  twenty  strong. 


Then  disaster  struck!  After  some  few  minutes  the  machine  screeched  to  a 
sudden  stop  from  18,000  RPM  giving  off  a  red  shower  of  sparks. 

But  it  was  not  the  engine,  this  remained  intact  and  undamaged.  It  was 
Heenan  and  Froude's  "fully  developed"  proprietary  dynamometer  which  had 
seized!  It  turned  out  to  have  a  bearing  life  of  three  to  five  hours. 
We  had  been  sold  a  low  speed  machine  and  all  the  firm  had  done  was  fit 
high  speed  bearings.  They  had  no  knowledge  or  experience  of  high 
speeds  nor  had  they  any  high  speed  test  facility.  They  had  simply 
relied  on  us  to  find  out  how  well  it  worked.  So  much  for  a  fully 
developed  article.  This  was  instrumental  in  the  ultimate  winding  up  of 
the  project. 

ENDURANCE  TESTING  IN  PRESSURE  EXCHANGE  MODE 

The  board,  alarmed  at  evidence  of  unreliability,  required  the  engine  to 
be  put  on  endurance  tests.  To  satisfy  this  as  well  as  I  was  able  the 
sight  glass  of  the  combustor  was  replaced  with  a  */«  inch  orifice  and 
the  engine  run  as  a  pure  pressure  exchanger  with  gas  bleed.  This  was 
equivalent  to  24  horse  power  at  a  pressure  ratio  of  2.4  Any  further 
increase  would  have  caused  overspeed  since  this  condition  provided  the 
maximum  of  18,000  RPM.  However  this  subjected  the  rotor  to  adequate 
thermal  transient  stresses  with  the  inlet  temperature  exceeding  1000°C. 
Some  300  hours  of  running  with  frequent  starts  and  stops  were  achieved 
without  sign  of  distress. 

FINAL  TESTS 

During  tins  time  an  air  brake  was  designed  and  constructed  as  a  crash 
progranme  working  overtime  and  through  the  night.  Eventually  brake  load 
could  be  re-applied  and  research  continued.  This  new  brake  performed 
well  and  needed  no  development.  It  was  direct  coupled  and  used  a  spare 
supercharger  impeller  of  lO1/*  inch  tip  diameter.  A  swung  casing 
enabled  accurate  measurements  to  be  made  by  torque  reaction. 

Unfortunately  the  technician  in  charge  of  endurance  testing  had  become 
tired  of  the  frequent  starts  and  stops  needed  for  refuelling.  He 
fitted  a  bypass  system  to  enable  change  to  a  second  fuel  tank  to  be  made 
without  stopping.  As  soon  as  he  tried  it  a  design  fault  caused  full 
fuel  flow  to  be  suddenly  injected  to  the  combustor,  causing  a  violent 
overspeed  which  wrecked  the  rotor.  The  damage  is  shown  in  Plate  8  and 


the  failure  mode  is  of  interest. 


The  shroud  ring  had  been  steel  brazed  with  SPM2  alloy  powder  to  the 
rotor  tips.  These  were  made  with  V4"  wide  platforms  for  increase  of 
brazed  joint  area.  Only  one  joint  failed  as  seen  at  8  o'clocjc. 
Remaining  failures  were  through  solid  blade  material  with  tears  starting 
at  the  roots.  Clearly  a  safe  failure  mode  was  achieved  as  compared  to 
the  catastrophic  kind  which  would  have  resulted  from  drum  failure. 


TEST  REStfliTS 

As  a  consequence  only  preliminary  performance  results  were  obtained  but 
analysis  of  these  was  informative  and  encouraging. 

Scavenging  effectiveness  is  shown  in  Pigs. 10  and  11  plotted  against 
speed  of  rotation.  In  both  cases  effectiveness  is  defined  as  the 
actual  flow  volume  achieved  divided  by  the  flow  which  would  just  admit 
or  remove  an  air  mass  given  by  the  product  of  ambient  air  density  and 
cell  volume  passing  rate.  The  high  pressure  scavenge  effectiveness 
shown  in  Fig.  10  had  to  be  inferred  from  measurements  of  fuel  flow  and 
combustion  temperature  rise  but  the  low  pressure  scavenge  effectiveness 
was  metered  with  no  allowance  for  mixing  effects  which  caused  some  air 
to  be  lost  In  the  exhaust.  The  resultB  show  that  the  design  aim  was 
almost  achieved  and  that  very  satisfactory  operation  over  a  wide  speed 
range  of  6tl  obtained.  The  design  point  rnaiked  4  is  shown 
corresponding  with  a  pressure  ratio  of  5.43  but  the  maximum  achieved  was 
limited  to  4.2  owing  to  excessive  leakage  and  poor  low  pressure 
scavenge.  This  would  reduce  high  pressure  scavenging  effectiveness  as 
a  secondary  effect.  It  will  be  observed  that  these  parameters  both 
increase  as  pressure  ratio  increases  so  that  it  can  be  inferred  by 
extrapolation  that  the  values  would  be  close  to  design  aims  if  the  two 
defects  could  have  been  remedied. 

The  excessive  leakage  resulted  from  unexpectedly  large  axial  rotor 
displacements  during  thermal  transients  which  forced  increased  axial 
clearances  to  be  allowed,  some  7  to  15%  of  total  flow  is  estimated  to 
have  been  lost  as  leakage.  The  mass  loss  and  incomplete  scavenge  then 
combined  together  to  cause  the  gas  inlet  tet^erature  to  increase 
prematurely  to  a  limiting  value  of  1050°C  at  a  pressure  ratio  of  4.2. 
Tbe  maximum  rotor  te^erature  was  then  450*C  as  measured  by  “thermindex 
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paints"  and  was  the  limit  for  the  "fortiweld"  rotor  material.  These 
values  can  be  compared  with  design  figures  of  gas  inlet  temperatufe 
7 47 °c  and  pressure  ratio  5.43  with  rotor  temperature  380°c. 

OVERALL  PERFORMANCE 

The  combined  effect  of  excessive  leakage  and  consequential  underscavenge 
resulted  in  failure  to  reach  design  performance  -and  thermal  efficiency. 

In  Fig.  12  shaft  horsepower  is  plotted  against  speed  of  rotation  from 
the  experimental  results.  A  maximum  output  of  35  HP  was  achieved  at 
16,100  RPM  as  compared  with  the  55  HP  expected  and  is  sufficiently  close 
to  be  regarded  as  encouraging  in  view  of  the  mismatching  caused  by  the 
excessive  gas  temperatures  resulting  from  under scavenging  and  leakage. 
The  wide  speed  range  is  again  evident  and  it  must  be  stressed  that  this 
was  achieved  using  no  variable  porting  of  any  kind.  The  rising  torque  / 
characteristic  would  only  be  suitable  for  alternator,  propeller,  fan  or 
compressor  drives  but  wave  machines  have  the  advantage  over  gas  turbines 
of  not  being  limited  to  slow  accelerations  by  surge. 

Fig.  13  shows  a  thermal  efficiency  of  nearly  10%  (on  GCV)  which  is  low 
but  could  be  improved  by  development .  Part  load  values  show  much  lower 
fall  off  than  for  an  equivalent  gas  turbine.  Thermal  efficiency  is 
plotted  against  power  output  for  one  gas  inlet  temperature  and  speed 
varied  to  give  best  results.  A  curve  taken  at  a  constant  speed  of 
17,000  RPM  is  also  given  showing  a  steeper  fall  off  at  part  load.  It 
should  be  noted  that  the  efficiency  curves  relate  to  a  maximum 
temperature  of  only  1070°K  ( 800°C,  or  1470°F).  The  results  were  taken 
a  long  time  ago  and  some  appear  to  not  have  been  retained,  values  at 
the  highest  temperature  of  1250°K  must  have  given  higher  efficiencies.  I 
am  sure  3lightly  over  40  HP  was  achieved  and  extrapolation  of  the  power 
curve  of  Fig.  12  to  18,000  RPM  shows  this  ought  to  have  been  possible. 

Also  from  memory  1  recall  a  maximum  ptssure  ratio  of  4.5  being  recorded. 

Some  exhaust  traversing  was  carried  out  to  determine  the  temperature 
profilo  at  various  radii.  This  indicated  much  greater  mixing  of  air  and 
exhaust  gas  during  scavenge  than  had  been  expected,  since  although 
measurements  were  indicating  failure  of  the  theoretical  "contact 
surface"  between  air  and  exhaust  gas  to  reach  cell  ends,  a  rapid  fall  in 
temperature  started  to  occur  at  about  60%  exhaust  port  opening.  This 
indicates  the  need  for  increasing  design  overscavenge. 
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Average  exhaust  temperatures  were,  however,  consistently  about  50°C 
above  maximum  rotor  values.  This  is  an  important  advantage  sipce  this 
type  of  engine  will  be  used  in  practice  as  a  high  pressure  high 
temperature  stage  and  the  exhaust  needs  to  be  as  hot  as  possible.  For 
uncooled  gas  turbines,  of  course,  the  exhaust  temperature  is  necessarily 
much  less  than  the  maximum  rotor  value  and  so  the  wave  machine  has  been 
demonstrated  to  possess  an  important  advantage.* 

Winding  Up  of  the  Project 

It  is  most  unfortunate  that  Rustons  ran  into  financial  difficulties  just 
as  demonstration  of  feasibility  was  achieved.  They  had  to  cut  back  and 
long  term  research  and  development  is  always  the  first  to  be  shed.  I 
was  no  longer  permitted  access  to  their  premises  and  the  equipment  was 
crated  and  despatched  to  me  at  Chesterfield.  1  found  it  quite 
impossible  to  attract  further  funding  since  nobody  was  even  remotely 
interested.  I  had  the  entire  crate  scrapped  without  even  looking 
inside,  which  was  a  terrible  waste. 

I  wrote  a  paper  "An  Experimental  Pressure  Exchange  Engine  and  its  Future 
Possibilities"  for  the  I.Mech.E.  Hus  was  delivered  at  the  Rolls  Koyce 
Welfare  Hall,  Derby  and  won  the  graduate's  prize  for  *hat  year. 
Uowever,  it  was  never  published  being  rejected  ultimately  by  the 
assessors  on  grounds  of  "inadequate  experimental  results". 

1  spent  a  year  trying  to  restart  the  project  also  partly  constructing  a 
very  small  machine  intended  as  a  model  Jet  profusion  engine  of  12  os. 
design  thrust  and  building  a  valveless  pulse  combustor  of  lL/«  pound 
thrust  running  at  330  H*.  The  pulse  combustor  was  intended  to  ultimately 
provide  a  pressure  gain  to  replace  steady  flow  chambers.  This  would 
permit  greater  deflection  in  the  cells  and  so  isptove  COT  performance. 
Out  these  efforts  were  useless  for  furthering  my  career  prospects.  r 
decided  to  abandon  pressure  exchange. 

The  traumatic  effect  of  failure  caused  a  depression  lasting  many  years. 
Later  t  carried  out  mote  work  on  valveless  pulse  combustors  with  some 
success.  A  postgraduate,  Rosa  Harley,  carried  out  a  computer  study 
under  my  direction  to  apply  the  method  of  characteristics  to  this  field. 
Useful  wave  maps  could  be  cosputer  drafted  and  this  was  published  in 
1971  at  “Hie  First  International  Symposium  on  Pulsing  Combustion"  at 


Sheffield.  Later  a  single  orifice  pulse  combustion  burner  was  also 
simulated.  On  test  this  was  developed  to  high  performance.  It 
regularly  achieved  a  twelve  percentage  pressure  gain  measured  as  steady 
flow  after  its  smoothing  system  and  in  one  test  seventeen  percent  was 
recorded.  Peak  pressures  were  3  atmospheres  absolute  at  12%  pressure 
gain.  Frequency  was  200  Ha  which  proved  too  high  for  easy  starting. 

It  had  always  been  intended  to  build  up  to  a  test  of  a  rotary  multiple 
cell  ring  or  "Rotary  mode  pulse  combustor"  but  to  date  this  has  never 
been  attempted . 

FUTURE  APPLICATIONS 

Gas  Wave  Turbines  could  ultimately  find  application  as  toppers  for  both 
gas  and  steam  turbines.  Combined  cycle  proposals  to  date  involve 
conventional  gas  turbines  which  have  limited  exhaust  temperatures.  In 
consequence  they  are  applied  with  most  of  the  energy  path  m  parallel 
with  the  steam  cycle  making  it  impossible  to  achieve  much  improvement  in 
fuel  economy.  It  is  only  expected  for  example  that  the  current  36% 
efficiency  of  an  all  steam  station  such  as  Dxax  b  would  be  raised  to  41% 
for  combined  cycles.  With  a  gas  wave  topper  true  senes  operation  of 
energy  path  would  arise  and  is  potentially  capable  of  raising  thermal 
efficiency  therefore  to  &5%  according  to  recent  evaluations. 

Similarly  as  toppers  for  gas  turbines  efficiencies  could  be  raised  to  an 
estimated  4S%. 

An  advanced  GWT  should  m  future  achieve  a  pressure  ratio  of  12  so  that 
I'vXJdted  to  4  atmospheres  by  turbocharging,  combustion  pressures  of  46 
atn  or  even  above  should  be  possible.  Such  easily  attainable  high 
pleasures  make  application  to  coal  gasification  atttactive.  Other 
applications  such  as  military  and  jet  propulsion  units  for  aircraft  and 
missiles  also  seem  attractive.  Details  of  such  evaluation  are  to  be 
presented  in  a  separate  document. 

CONCLUSION 

Although  design  targets  lot  an  experimental  Gas  Wave  Tutbine  were  not 
reached,  results  obtained  were  on  the  whole  most  encouraging.  It  was 
conclusively  proved  that  wave  machines  could  operate  over  a  wide  speed 
range  and  deliver  useful  power  without  assistance  and  without  any  form 


of  variable  porting  whatever.  This  was  achieved  also  without  any  fan 
boosting  of  eithez  of  the  two  scavenging  stages.  Failure  to  achieve 
design  point  appears  to  be  partly  due  to  inadequate  control  of 
clearances  and  to  poor  low  pressure  scavenging.  It  is  confidently 
believed  that  these  problems  could  be  adequately  solved  by  development. 

The  project  showed  also  that  the  method  of  characteristics  used  with 
care  and  taking  proper  account  of  the  effects  of  cell  width  results  in 
an  accurate  matching  of  exit  duct  angles  to  gas  velocities.  Diffuser 
recovery  efficiencies  of  60%  had  been  assumed  for  design  and  results 
show  that  these  are  approximately  correct. 

Further  development  is  justified  but  the  next  engine  should  have 
assistance  m  the  low  pressure  scavenging  Btage. 

A  personal  history  of  development  of  the  project  has  been  presented  by 
which  it  is  hoped  to  usefully  transmit  some  of  the  experience  gained. 


R . D.  Pearson 
March  1985 
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of  variable  porting  whatever.  This  was  achieved  also  without  any  fan 
boosting  of  either  of  the  two  scavenging  stages.  Failute  to  achieve 
design  point  appears  to  be  partly  due  to  inadequate  control  of 
clearances  and  to  poor  low  pressure  scavenging.  It  is  confidently 
believed  that  these  problems  could  be  adequately  solved  by  development. 

The  project  showed  also  that  the  method  of  characteristics  used  with 
care  and  taking  proper  account  of  the  effects  of  cell  width  results  in 
an  accurate  matching  of  exit  duct  angles  to  gas  velocities.  Diffuser 
recovery  efficiencies  of  60%  had  been  assumed  for  design  and  results 
show  that  these  are  approximately  correct. 

Further  development  is  justified  but  the  next  engine  should  have 
assistance  in  the  low  pressure  scavenging  stage. 

A  personal  history  of  development  of  the  project  has  been  presented  by 
which  it  is  hoped  to  usefully  transmit  some  of  the  experience  gained. 


R.D.  Pearson 
Match  iget> 
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FIGURE  7  CEIL  OUTLET  DEFLECTIONS  AT  PART  OPENINGS 
DETERMINED  FROM  WATER  CHANNEL  TESTS 
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FIG.  13  THERMAL  EFFICIENCY  (*l )  -  POWER  CHARACTERISTIC 
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DEFINITIONS 


(1)  "TURBINE" 

A  "Turbine"  is  a  wheel  having  curved  vanes  at  the  rim  as  sho%m  in 
FIG.l.  A  jet  of  gas,  steam  or  liquid  is  directed  at  the  vanes 
which  deflect  the  fluid  stream  so  producing  a  force  which  causes 
rotation.  The  energy  of  motion  of  the  fluid  (Kinetic  energy)  is 
by  this  means  converted  to  another  form  of  energy  called  "work" 
which  is  delivered  by  the  rotating  shaft  for  driving  some  other 
machine.  The  work  per  second  is  the  "shaft  power".  (A  windmill  is  a 
form  of  turbine  and  is  now  called  a  "windturbine*. ) 

(2)  PRESSURE-VOLUME  (P-V)  DIAGRAMS 

So  called  "perfect  gases"  like  air  can  be  represented  by  the 
perfect  gas  equations- 


P.V  -  m.R.T 

(a) 

so  P  -  m.R.T/V 

(b> 

Where t 

P  is  the  absolute  pressure  N/m  ( 1  atm*101325  N/m  ) 

V  is  volume  cubic  metres  -  m 
m  is  mass  of  the  gas  -  kg 

R  is  the  gas  constant;  for  air  R-»287.l  J/kg/deg.K 
T  is  the  absolute  temperature  in  deg.  K 
i.e.  T  *  t  deg.  C  ♦  273.1 

Bence,  assuming  for  the  time  being  that  temperature  remains 
constant,  when  the  volume  increases,  the  pressure  falls. If  a  closed 
vessel  had  a  moveable  end,  such  as  a  piston  in  a  cylinder,  the 
pressure  P  acting  on  that  piston  of  area  A  would  produce  a  force  P 
where  t 

F  -  P.A 

If  the  piston  moves  a  small  distance,  say  x,  then  there  will  be  an 
average  force  P  acting  over  that  distance  x  and  mechanical  work  is 
done  of  amount  t 

W  -  P.x 

i.e.  work  *  force  X  distance  moved 

But  this  is  a  form  of  energy  and  is  extracted  from  the  gas  which  is 
pushing  the  piston,  so  energy  is  transferred  from  the  gas  so 
causing  its  temperature  to  fall. 

But  A.x  is  a  volume  increase. 
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So  as  V  increases,  T  reduces  and  equation  <b)  shows  the  result  of 
these  combined  effects  to  be  an  even  greater  fall  in  pressure. 

If  pressure  is  plotted  against  volume  as  in  Pig. 4  an  expanding  gas 
shows  a  falling  pressure  curve  and  since i 

V  -  P.x 

£  P.x  -  P.A.x 

£  A.x  -  V2  -  VI  (the  change  in  volume) 
so  W  -  P.(V2  -  VI) 

i.e.  work  -*  average  pressure  X  change  in  volume. 

£  this  average  pressure  is  absolute  i.e. Measured  fro*  vacuus  state. 

So  the  work  done  is  equal  to  the  area  under  the  graph  of  P  against 
V. 

If  in  Pig. 4  for  the  leak  nozzle  a  piston  in  a  cylinder  converted 
the  work  starting  from  pressure  P2,  instead  of  letting  the  gas  pass 
a  nozzle,  then  first  the  piston  will  stove  out  and  have  work  done  on 
it,  but  after  the  pressure  has  fallen  to  the  atmospheric  value  PI 
it  will  have  to  return  to  its  starting  point  before  another 
“working  cycle"  can  be  executed.  An  exhaust  valve  will  have  to  be 
arranged  to  open  so  that  exhaust  gas  can  be  pushed  out  against  the 
pressure  of  the  atmosphere,  so  doing  work  on  it.  the  net  work 
gained  fro*  such  a  cycle  is  therefore  the  cross  hatched  nearly 
triangular  area  Wp2. 

A  turbine  driven  by  the  leak  as  the  explosion  cell  pressure  falls 
to  atmospheric  will  theoretically  provide  the  same  amount  of  work 
as  would  the  the  piston  in  cylinder  but  uses  a  different  mechanism. 
Pirst  the  available  energy  is  converted  to  the  kinetic  form  as  a 
high  speed  jet  in  passing  through  the  leak  nozzle,  then  the 
turbine  blading  converts  this  to  shaft  work . 

Much  more  work  is  developed  from  a  given  mass  of  gas  discharged 
from  the  receiver,  as  also  shown  in  PIG. 4,  by  the  increased  area 
under  the  P-v  diagram  shown  shaded.  This  is  because  of  the  extra 
rectangles.  At  pressure  P2  a  volume  V2  is  discharged  from  the 
receiver,  doing  work  P2.V2  but  extra  work  P1.V2  is  done  against  the 
atmosphere  so  that  the  net  extra  work  available  is  (P2-P1).V2. 

Hence  when  a  turbine  is  used  to  convert  the  work  available  from  the 
expansion  of  a  gas,  the  jet  velocity  would  be  much  higher  for 
discharge  from  the  receiver,  as  compared  with  the  average  velocity 
of  discharge  for  the  leak  jet.  The  jet  from  the  receiver  would  also 
be  steady,  whilst  that  from  the  leak  jet  would  start  from  the  same 
speed  and  then  fall  steadily,  finally  to  zero  speed  at  the  point 
where  the  pressure  fell  to  that  of  the  atmosphere. (  Ignoring  gas 
inertia).  Gas  friction  heats  the  gas  as  well  as  heat  transfer  and 
so  areas  under  the  P-V  diagram  are  modified.  Output  work  now 
becomes  this  modified  area  multiplied  by  a  "polytropic  efficiency." 
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1954-1956  :  early  work  on  pressure  rise  combustors  at  NACA 

SIMPLIFIED  ANALYSIS  OF  WAVE  ROTOR  OPERATION 
(IN  VARIOUS  ARRANGEMENTS).  • 

J956-1S59  :  analysis  method  improved  and  applied  at  G,E. 

CYCLE  STUDIES  INITIATED 

FABRICATION  OF  WAVE  ENGINE  RESEARCH  VEHICLE 
FIRST  TESTING  IN  LATE  1959 

1960=1961  5  EXTENSIVE  TESTING  OF  WAVE  ROTOR  WITH  AXIAL 
PASSAGES  (PRESSURE  EXCHANGER) 

APPLICATION  STUDIES 

126,1=1163  !  FABRICATION  AND  TESTING  OF  WAVE  ROTOR  WITH 
SKEWED  PASSAGES 


APPLICATION  STUDIES,  REPORTS,  RECOMMENDATIONS 


A  BRIEF  REVIEW  OF  THE  G.E.  WAVE  ENGINE  PROGRAM 

(1958-1963) 

Early  work  done  at  NACA  on  pressure  rise  combustors  provided 
part  of  the  motivation  that  led  to  the  General  Electric  Wave 
Engine  program.  The  wave  engine  concept  per'  se  was  initially 
proposed  as  a  means  of  approaching  constant  volume 
combustion  in  a  component  that  could  be  used  with 
turbomachinery.  The  specific  design  requirements  were  to 
have  controlled  inflow  and  outflow  processes,  which  were 
essentially  time- steady  in  nature  and  circumferentially 
uniform.  The  combination  of  a  wave  rotor  and  a  combustor 
then  constituted  a  combustor  across  which,  instead  of  a 
pressure  loss, a  net  gain  in  pressure  was  effected. 

During  the  period  1956-1959,  th'e  simplified  .analysis 
methods  used  at  NACA  were  improved  upon  and  applied  at 
General  Electric.  The  field  method  of  calculating  and 
plotting  characteristics  was  adopted  and  a  number  of  viable 
wave  diagrams  constructed.  During  the  same  time  period, 
fabrication  and  installation  of  the  test  rig  was  carried 
out.  Rotors  with  axial  passages  and  different  solidities 
were  built  and  first  tests  were  initiated  in  late  1959. 

From  1959  to  1961,  over  a  period  of  about  one  and  a  half 
years,  extensive  testing  of  the  research  vehicle  was  carried 
out  and  documented,  along  with  application  studies  and 
analysis  of  results  in  an  effort  to  improve  the  performance. 

Initial  testing  and  analysis  had  indicated  that  rubbing 
type  seals  were  not  suitable  for  this  application  and  that 
air-gap  seals  were  more  practical.  Since  air-gap  seals  were 
required,  it  was  felt  that  speeds  approaching  those  of 
turbomachines  could  and  should  be  utilized  for  further 
useful  output.  This  led  to  the  analysis  and  testing  of  a 
rotor  with  skewed  or  staggered  passages  along  with  more 
application  studies  of  units  with  wave  rotors  capable  of 
producing  shaft  power. 

Fig.l  shows  equivalent  constant  volume  and  constant 
pressure  combustion  processes  on  a  temperature- entropy  (T-S) 
diagram.  Point  2  on  this  figure  is  the  flow  at  inlet  to  the 
rotor,  and  the  time  unsteady  induction  and  subsequent 
stagnation  of  the  flow  raises  its  pressure  to  point  3.  On 
mixing  with  residual  gases  in  the  rotor  at  point  4,  state  5 
is  attained  and  internal  combustion  raises  the  temperature 
and  pressure  level  to  state  6.  The  exhaust  process  leads  to 
the  gases  expanding  out  to  a  final  stagnation  condition  at 
point  7.  Closure  of  the  exhaust  port  brings  the  pressure  of 
the  residual  gases  back  to  point  4  and  the  cycle  is 
repeated.  Since  the  charging  process  is  independent  of  the 
actual  heat  addition  process,  the  same  thing  can  be 
accomplished  by  means  of  external  combustion  also  as  shown 
by  the  process  2-3-8-9-7. 
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Figures  2  and  3  show  the  internal  and  external  combustion 
processes  pictorially.  Note  that  the  device  has  only  two 
ports  in  the  internal  combustion  mode.  External  combustion 
was  chosen  for  the  test  program  since  it  eliminated  problems 
peculiar  to  internal  combustion,  but  this  was  done  at  the 
expense  of  a  more  complicated  mechanical  arrangement  as  well 
as  a  timing  problem.  It  is  noted  however  that  G.E.  still 
intended  to  pursue  the  internal  combustion  alternative  at  a 
later  date. 

Figures  4,  5,  and  6  show  the  essential  features  of  the 

experimental  setup.  Note  in  Fig. 4  that  provision  had  been 
made  for  a  starting  air  supply,  but  that  this  was  found  to 
be  unnecessary. 

Fig. 5  shows  the  brazed  construction  of  the  axial  passage 
rotor.  A  dovetail  construction  was  envisioned  originally  but 
was  abandoned  due  to  cost  of  machining  and  rotor  stability 
concerns.  The  rotor  was  designed  to  operate  continuously  at 
a  temperature  of  1500  degrees  Fahrenheit.  Fig. 6  shows  a 
photograph  of  the  test  rig,  and  although  no  details  can  be 
discerned,  some  idea  of  the  essential  layout  can  be 
obtained. 

As  mentioned  earlier,  a  number  of  wave  diagrams  were 
calculated,  one  of  them  configured  for  the  so-called  'A' 
type  valve  or  port  plates  shown  in  Fig. 7.  Almost  all  the 
testing  was  based  for  essentially  the  same  'family’  of  wave 
diagrams,  i.e.  a  counter  scavenging  mode  where  the  two  gas 
streams  are  brought  onto  and  taken  off  the  rotor  from  the 
same  side  by  means  of  the  inlet  and  transfer  ports,  and  the 
delivery  and  exhaust  ports. 

Figs.  8,  9,  and  10  show  the  computed  performance  for  the 
wave  engine  in  terms  of  the  overall  temperature  ratio  and 
the  overall  pressure  ratio  across  the  machine.  Fig. 8  shows 
the  computed  ideal  performance  for  different  exhaust 
pressure  ratios.  It  was  established  early  on  that  the 
highest  overall  pressure  gain  could  be  achieved  with  a  sonic 
discharge  through  the  exhaust  port.  For  unsteady  flow,  sonic 
discharge  corresponds  to  an  exhaust  pressure  ratio  of 
approximately  0.3  (for  a  specific  heat  ratio  of  1.3). 

Taking  some  losses  into  account,  a  set  of  reduced 
performance  curves  for  the  wave  engine  was  computed  for  four 
or  five  different  valve  plates  (i.e.  different  wave 
diagrams);  three  of  these  performance  curves  are  shown  in 
Fig. 9. 

Some  actual  data  points  are  shown  in  Fig. 10  with  the 
estimated  performance  of  'B'  type  valve  plates  superimposed. 
Towards  the  end  of  1960,  fairly  respectable  overall  pressure 
*  gains  or  pressure  ratios  of  1.2  to  1.3  could  be  achieved 
consistently,  and  this  performance  was  then  used  to  carry 
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out  application  studies  with  the  wave  rotor.  Figures  11 
through  15  show  the  outcome  of  these  studies. 

Performance  of  shaft  engines  with  the  wave  rotor 
incorporated  into  low-cost  turbomachinery  is  compared  in 
Fig. 11  with  that  of  a  simple  shaft  engine  .  cycle  (i.e.  one 
without  the  wave  rotor  component).  For  a  given  turbine  inlet 
temperature,  a  marked  improvement  is  achieved  by  using  the 
combined  configuration.  In  the  case  of  very  small  shaft 
engines,  performance  is  further  compromised.  Fig. 12  shows 
the  estimated  performance  for  the  combined  unit  with 
specific  fuel  consumption  (sfc)  ranging  from  0.75  to  2.1  as 
opposed  to  the  figures  for  the  simple  cycle,  (see  Fig. 13), 
of  1.3  and  3.4  respectively. 

A  weight  and  cost  comparison  was  carried  out  for  a 
production  T-58  GE-06  engine  with  and  without  the  wave  rotor 
incorporated  into  it.  Table  1  gives  a  detailed  breakdown  for 
the  estimates  made  in  this  study.  The  -89  was  the  current 
production  engine  and  the  -204  was  a  projected  production 
engine  with  upgraded  performance. 

A  summary  of  the  key  features  highlighted  by  this 
application  study  is  given  in  Fig. 14,  showing  the 
significant  simplification  achieved  in  the  hardware  by 
incorporating  the  wave  rotor  into  the  T-58.  Apart  from  the 
cost  reduction,  a  significant  improvement  in  the  sfc  was 
also  realized.  The  mechanical  design  support  group  involved 
with  the  program  drew  up  the  conceptual  layout  for  the  T-58 
engine  with  the  wave  rotor  component  as  shown  in  Fig. 15. 

The  G.E.  wave  engine  operated  in  a  counterflow  scavenging 
mode,  effecting  a  180  degrees  reversal  in  the  flow  direction 
for  each  of  the  two  gas  streams.  Consequently,  staggered  or 
canted  passages  (i.e. those  inclined  at  a  certain  angle  to 
the  axis  of  the  rotor)  showed  promise  in  bringing  about  a 
net  angular  momentum  change  through  this  flow  direction 
reversal,  making  shaft  power  extraction  from  the  rotor 
possible.  This  concept  was  also  tested  in  further  work  done 
at  G.E.  from  1961  to  1963.  Application  studies  were  carried 
out  wherein  such  a  rotor  could  be  used  to  drive  a 
supercharging  compressor.  A  conceptual  layout  for  such  a 
configuration  is  shown  in  Fig. 16,  which  shows  the  wave  rotor 
coupled  to  a  supercharging  centrifugal  compressor.  During 
this  time  also,  extensive  water  table  tests  were  conducted 
to  gain  further  insight  into  inflow  and  outflow  losses,  the 
effect  of  port  and  cell  wall  edge  geometry  and  mixing  of  the 
two  streams  inside  the  rotor. 

The  wave  engine  program  was  stopped  around  the  end  of 
1963  due,  in  part,  to  General  Electric's  commitment  to 
pursue  large  engine  development  exclusively. 
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IDEAL  FLOW  PROCESS  FOR  INTERNAL  AMD  EXTERNAL  COMBUSTION 


EXTERNAL  DUCTING  FOP  WAVE  ENGINE 
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Specific  Fuel  Consumption  Lbs/H  P -Hour 


TABLE  I 

COST  AND  WEIGHT  COMPARISON  TABLE 

-8S:  PRESENT  PRODUCTION  ENGINE  (1960) 
“204:  PROJECTED  PRODUCTION  ENGINE 
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TURBOMACHINERY  SIMPLIFIED  THROUGH  : 

~  APPROX.  502  REDUCTION  IN  COMPRESSOR  STAGES 

-  ELIMINATION  OF  IGV's  AND  VARIABLE  GEOMETRY 
FOR  REMAINING  COMPRESSOR  STAGES 

-  ELIMINATION  OF  HIGH  TEMPERATURE  FIRST  STAGE 
TURBINE 

-  HARDWARE  FIT  WITHIN  EXISTING  ENVELOPE; 
OVERALL  ENGINE  LENGTH  REDUCED  . 

-  152  REDUCTION  IN  S.F.C.  FOR  SAME  COMBUSTOR 
DISCHARGE  TEMPERATURES 

-  SUBSTANTIAL  COST  REDUCTION 


SHOCK-EXPANSION  WAVE  ENGINES  -  NEW  DIRECTIONS  FOR  POWER  PRODUCTION 


BY  H.  E.  WEBER 

Professor  of  Mechanical  Engineering,  San  Diego  State  University 
and  Consultant,  Science  Applications  International  Corporations 


For  decades  prodigious  amounts  of  money  and  effort  have  been  spent  on 
conventional  turbomachinery  development.  Initially,  improvements  in  performance 
were  rapid.  However,  in  the  last  two  decades  better  performance  of  these 
machines  has  slowed  considerably.  Compressor  efficiencies  have  been  near  their 
present  limits  of  8851  to  92X  for  many  years.  High  pressure  ratios  required  of 
high  performance  engines  are  not  efficiently  produced  in  the  conventional 
turbomachines.  High  cycle  pressure  ratios  for  high  cycle  efficiency  require  many 
stages  of  conventional  compression.  Compressors,  especially  in  small 
turbomachines,  decrease  in  efficiency  as  the  number  of  stages  increase  due  to  the 
large  amounts  of  surface  area  and  relatively  large  leakage  passages  in  the  higher 
pressure  stages. 

The  requirement  for  many  stages  of  conventional  compression  also  results  in 
heavy  machines.  If  high  compressor  pressure  cannot  be  attained  the  turbine 
exhaust  gas  temperature  may  be  considerably  above  the  compressor  discharge 
temperature;  a  regenerator  or  recuperator  is  then  required  for  acceptable  cycle 
efficiency.  This  results  in  considerably  complication  and  high  engine  weight. 

Maximum  turbine  inlet  temperatures  in  conventional  machines  have  also  been 
near  their  limit  for  many  years.  High  temperatures  and  high  pressures  required 
for  light  weight,  high  efficiency  machines  are  inconsistent  with  the  requirements 
for  high  strength  materials.  To  increase  permissable  turbine  inlet  temperatures 
compressor  discharge  air  has  been  used  for  blade  cooling.  Use  of  this  air  soon 
reaches  its  limit  because  the  high  pressure  cooling  air  is  then  not  available  for 
power  production.  Engine  power  and  cycle  efficiency  begins  to  decrease  and  a 
limit  on  turbine  inlet  temperature  results. 

Consequently,  new  concepts  in  power  and  thrust  production  are  required.  One 
class  of  machines  which  may  alleviate  many  of  the  above  described  problems  are 
the  wave  rotors  or  engines.  These  operate  with  time  dependent  flow  in  the  moving 
rotor  blade  passages  and  steady  flow  in  the  stator  parts.  This  paper  deals  with 
actual  and  potential  performance  of  these  types  of  wave  machines  and  comparison 
with  conventional  turbomachines. 
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SHOCK-EXPANSION  WAVE  ENGINES  -  NEW  DIRECTIONS  FOR  POWER  PRODUCTION 

by  H.  E.  Weber 

Professor  of  Mechanical  Engineering,  San  Diego  State  University 
Consultant,  Science  Applications  International  Corporation,  i.a  Jolla,  CA 

Abstract 

For  decades  prooigious  amounts  ot  money  and  effort  have  been  spent  on 
conventional  turbomachinery  development.  Initially  improvements  in  per¬ 
formance  were  rapid.  However,  in  the  last  two  decades  better  preformance 
of  these  machines  has  slowed  considerably.  Compressor  efficiencies  have 
beer,  near  their  present  limits  of  881  to  92%  for  many  years.  High  pressure 
ratios  required  of  high  performance  engines  are  not  efficiently  produced  in 
the  conventional  turbomachines.  High  cycle  pressure  ratios  for  high  cycle 
efficiency  require  many  stages  of  conventional  compression.  Compressors, 
especially  in  small  turbomc chines,  decrease  in  efficiency  as  the  number  of 
stages  increase  due  to  the  large  amounts  of  surface  area  and  relatively  large 
leakage  passages  in  the  higher  pressure  stages. 

The  requirement  for  many  stages  of  conventional  compression  also  results 
in  heavy  machines.  If  high  compressor  pressure  cannot  be  attained  the  turbine 
exhaust  gas  temperature  may  be  considerably  above  the  compressor  discharge 
temperature;  a  regenerator  or  recuperator  is  then  required  for  acceptable 
cycle  efficiency.  This  results  in  considerable  complication  and  high  engine 
weight. 

Maximum  turbine  inlet  temperatures  in  conventional  machines  have  also 
beer,  near  their  limit  for  many  years.  High  temperatures  and  high  pressures 
required  for  light  weight,  high  efficiency  machines  are  inconsistent  with 
the  requirements  for  high  strength  materials. 

To  increase  permissable  turbine  inlet  temperatures  compressor  discharge 
air  has  been  used  for  blade  cooling.  Use  of  this  air  soon  reaches  its 
limit  because  the  high  pressure  cooling  air  is  then  not  available  for  power 
production.  Engine  power  and  cycle  efficiency  begins  to  decrease  and  a  limit 
on  turbine  inlet  temperature  results. 

Reciprocating  engines  are  cooled  by  both  cooling  jacket  flow  and  cyclic 
intake  of  cool  working  air.  However,  these  machines  are  heavy  and  suffer  from 
friction  and  heat  loss.  Tney  are,  therefore,  of  limited  use  in  high  speed, 
light  weight  vehicles,  or  anywhere  space  saving  and  light  weigh1  are  required. 
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Consequently,  new  concepts  in  power  and  thrust  production  are  required. 
One  cless  of  machines  which  may  alleviate  many  of  the  above  described  problems 
are  the  wave  rotors  or  engines  (1  thru  15).  These  operate  with  time  dependent 
flow  in  the  moving  rotor  blade  passages  and  steady  flow  in  the  stator  parts. 

Introduction 


principles  of  shock  compression  in  time  dependent  flow  have  been  known 
|  for  over  half  a  century.  However,  in  the  1940's  when  Brown  Boveri  was 

developing  a  workable  pressure  exchanger,  the  Comprex*,  high  strength 
materials  for  relatively  high  temperature  applications  were  being  developed 
I  rapidly.  Because  of  this  development,  steady  flow  turbomachines  received 

|  the  attention  of  researchers  in  that  field.  Unsteady  flow  machines  took  a 

5  back  seat  even  though  shock  compression  is  very  efficient;  e.g.,  single  shock 

j  pressure  ratios  up  to  2.5  are  over  901  efficient  compared  to  isentropic  compression 

|  For  the  past  two  decades  new  materials  development  has  slowed  and  it  is 

1  time  to  reexamine  the  shock  and  expansion  wave  turbomachines.  These  devices 

i  are  naturally  cooled  by  the  cocl  air  ingested  by  the  rotor;  blades  on  the 

I  rotor  pass  through  these  regions  of  cool  flow  in  each  revolution  resulting 

]  in  moving  blade  temperatures  about  the  average  of  the  hot  combustion  gases 

|  and  cool  intake  air. 

1  Additionally  these  wave  engines  have  the  capability  of  developing  pressure 

1  ratios  in  excess  of  25.  With  these  pressure  ratios  and  combustion  inlet  tem¬ 

peratures  of  3000° F,  extremely  high  cycle  efficiencies  or  low  specific  fuel 
j  consumption  may  be  attained.  Fig.  1  shows  cycle  efficiency  reaching  50i: 

and  SFC  less  than  0.29  (for  diesel  fuel  operation)  with  compression  and  expansion 
jj  efficiencies  of  0.85  and  0.9,  respectively,  which  are  attainable  in  wave 

j  engines.  The  wave  engine  appears  like  a  Brayton  cycle  when  viewed  from  the 

j  stator  -  it  has  adiabatic  (nearly  isentropic)  compression;  constant  pressure 

combustion  and  nearly  isentropic  expansion. 

j  Possibly  an  even  greater  advantage  of  the  wave  machines  over  steady  flow 

I  turbomachinery  is  the  considerably  lighter  weight  of  the  former.  This  light 


♦Comprex  is  the  trademark  used  by  the  Brown-Boveri  company  for  their  wave 
pressure  exchanger,  which  is  currently  being  used  as  a  shaft  driven  super¬ 
charger  for  internal  combustion  engines. 
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weight  is  due  to  two  factors: 

1.  Shock  compression  occurs  in  much  smaller  distances  than  does  conventional 
steady  flow  compression. 

2.  Compression  across  a  single  shock  is  much  greater  than  in  a  steady  flow 
diffuser  (both  in  stator  and  rotor  diffusers).  This  much  larger  pressure 
ratio  is  for  the  same  change  in  subsonic  Mach  numbers  or  velocities* 

in  both  shock  wave  and  steady  flow  diffusion. 

Still  another  advantage  of  present  day  wave  machines  over  early  versions 
is  that  high  speed  rotation  results  in  short  axial  length  rotors  and  more 
compact  machines.  These  short  rotors  permit  close  control  over  total  axial 
expansion  and  leakage  between  rotor  and  stator  side  walls.  Also,  with  the  small 
surface  area,  frictional  effects  are  less  important  and  these  machines  retain 
their  high  efficiency  as  size  is  reduced. 

Due  to  all  of  the  above  factors  one  can  expect  to  design  wave  engines  or 
wave  engine,  gas  generators  up  to  ten  or  more  horsepower  per  pound  of  engine 
weight.  These  figures  are  a  factor  of  5  to  IOC  better  than  conventional 
turbomachines  or  internal  combustion  engines.  Ir.  general  wave  machines  have 
simple  blade  shapes  and  only  one  or  two  rotors  for  both  compression  and 
expansion. 

Seippel's  original  patent  (1)  was  developed  by  Brown-Boveri  into  a 
successful  supercharger.  Its  response  is  so  rapid  (12),  due  to  shock  com¬ 
pression,  that  some  truck  transmissions  removed  the  lower  two  speeds. 

Mathematical  Sciences  Northwest  (10)  has  done  diagnostic  work  on  the  result  of 
mixing  between  hot  and  cold  gas  at  the  interfaces  by  probing  the  flow  emerging 
from  a  wave  rotor.  They  have  also  measured  shock  patterns  and  shown  that  they 
compare  well  with  calculations.  Pearson  (14)  has  done  considerable  research 
on  a  wave  rotor  designed  as  an  engine  to  drive  itself  and  produce  power.  In 
the  1950's  Pearson's  device  produced  cycle  efficiencies  up  to  22%.  Klapproth 
at  the  General  Electric  Co.,  Berchtold  at  ITE  Circuit  Breaker,  Kantrowitz  and 
co-workers  at  the  Brooklyn  Polytechnic  Institute,  Jenney  (16)  and  many  others 
have  contributed  to  some  of  the  earlier  work  in  wave  rotor  development. 


*A  common  misconception  is  that  the  flow  on  either  or  both  sides  of  a  shock  is 
supersonic.  This  is  not  the  case;  the  shock  wave  itself  travels  with  suoer- 
sonic  speed  relative  to  the  flow  into  which  it  propagates.  This  flow,  however, 
is  aeneral lv  subsnnir. 
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Recently  considerable  progress  In  the  development  of  wave  machines  has 
been  made  by  General  Power  Corporation  (GPC)  (8,9),  Mathematical  Sciences 
Northwest  (10,  11),  Pearson  (14)  and  Brown-Boveri  (15). 

General  Power  Corporation  has  developed  and  patented  a  very  efficient 
wave  engine  which  requires  almost  no  pressure  diffusion  of  kinetic  energy 
outside  the  rotor.  All  pressure  rise  is"  accomplished  with  a  three  direct 
and  reflected  shock  system.  This  is  accomplished  by  bending  the  blades  near 
the  rotor  exit  to  form  nozzles  as  shown  in  Figure  4.  These  create  a  reflected 
shock  which  increases  the  pressure  of  the  flow  before  it  leaves  the  rotor. 

Thus  the  flow  in  the  compressed  air  port  stator  has  essentially  no  tangential 
velocity  component  which  requires  conventional  diffusion  to  higher  pressure. 

Thus  the  reflected  shock  which  is  over  95?  efficient'  serves  as  a  much  better 
diffuser  than  a  steady  flow  diffuser  in  the  stator  with  low  pressure  recovery. 

Wave  Engines  and  Their  Operation 

The  wave  rotor  or  wave  engine  utilizes  shock  compression  while  both  cool 
air  and  hot  gas  flow  in  the  blade  passages  of  the  rotor.  Thus  the  blades 
operate  at  relatively  low  temperature  as  they  pass  both  hot  and  cold  gas  ports. 
Operation  of  the  GPC  wave  rotor  is  described  in  Appendix  A.  Pressure  ratios 
across  a  single  shock  are  much  greater  than  in  a  100%  efficient  diffuser  for 
the  same  change  in  subsonic  Mach  number,  as  shown  in  Figure  2.  Diffuser 
efficiency  will  generally  he  no  greater  than  902;  so  shock  compression  is  even 
better.  Additionally  conventional  axial  flow  compressors  are  limited  approxi¬ 
mately  to  the  de Haller  velocity  ratio  of  0.7  across  each  set  of  rotor  or  stator 
blades.  Therefore,  the  number  of  conventional  compressor  stages  will  be  very 
large  compared  to  the  space  required  on  a  wave  rotor  to  achieve  the  same  pressure 
ratio.  Additionally  shocks  of  pressure  ratio  2.5  or  less  are  over  90% 
efficient  relative  to  an  isentropic  compression  process  as  shown  in  Figure  3. 
Therefore,  shock  compression  results  in  extremely  light  weight  machinery  when 
compared  with  either  conventional  turbomachinery  or  reciprocating  IC  engines. 

High  speed  operation  permits  shortening  of  the  rotor  blade  passages  since 
flow  into  the  rotor  only  occurs  effectively  while  shocks  initiated  by  opening 
or  closing  of  a  port  travel  down  the  blade  passages  and  return.  High  speed 
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operation  increases  the  maximum  permissible  port  opening  before  the  wave 
travels  the  length  of  the  passage  and  returns  to  the  upstream  end.  Conversely, 
at  high  speed  the  blade  passage  or  rotor  axial  length  may  be  shortened  while 
the  port  width  remains  the  same.  Shortened  blade  passages  result  in  shortened 
or  lighter  machinery  as  well  as  reduced  total  axial  thermal  expansion  of  the 
blades  for  temperature  changes  associated,  with  varying  operating  conditions. 

This,  in  turn,  permits  reduced  clearances  between  rotor  blades  and  stator 
sidewalls,  which  keep  leakage  low. 

Features  of  the  Wave  Engine  with  Rotor  Hozzles 

Researchers  in  unsteady  wave  flow  have  been  concerned  with  problems  of 
interface  mixing  (between  hot  and  cold  driver  or  driven  gas),  compression  wave 
coalescense  into  a  into  a  shock  and  leakage  losses.  Only  the  last  is  of  real 
significance.  This  effect  is  shown  qualitatively  in  Figure  5.  As  is  seen  the 
decrease  in  stagnation  pressure  in  the  high  pressure  air-combustion  gas  loop 
due  to  leakage  is  large.  GPC  (9)  has  shown  that  by  careful  control  of 
clearances  between  rotor  and  stator  side  walls  the  predicted  pressure  ratio 
can  be  obtained. 

The  steady  flow  diffuser  was  thought  to  be  a  limitation  on  wave  machine 
development  for  two  reasons  - 

1.  The  normal  diffuser  is  relatively  inefficient  for  large  dynamic  pressure 
recovery  and, 

2.  The  high  pressure  could  not  be  utilized  in  the  high  pressure  air- 
combustor-hot  gas  loop  of  the  wave  machine. 

The  first  concern  is  remedied  by  the  reflected  shock  on  the  rotor  described 
above.  The  second  concern  is  due  to  a  lack  of  understanding  of  the  effect  of 
boundary  conditions  placed  on  the  rotor  flow.  If  the  flow  from  the  high  pressure 
air  port  is  all  returned  through  the  combustor  to  the  hot  gas  port,  the  shock 
system  will  adjust  itself  to  produce  an  internally  (in  rotor  blade  passages) 
reflected  shock  or  expansion  wave  (depending  upon  the  nozzle  to  blade  passage 
area  ratio),  which  propagates  upstream  due  to  the  back  pressure  imposed  by 
the  high  pressure  air  port.  This  reflected  shock  is  shown  as  shock  "c"  in 
Figure  4. 
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Maximum  Cycle  Efficiency 

At  any  given  rotor  speed  and  combustion  temperature  there  is  a  maximum  cycle 

pressure  as  the  design  value  of  A  /A^aries.  At  the  top  of  Fig.  8  the  blade  passages 
are  straight  from  inlet  to  exit  (no  nozzle  at  exit'of  the  blade  passage,  A  /A  *1). 

v  V» 

As  the  nozzle  at  the  exit  of  the  blade  passages  decreases  in  area  (A  /A  <1), 
it  becomes  an  increasing  constriction,  strengthening  the  reflected  shock  which 
propaqates  back  up  the  blade  passages.  This  shock  slows  the  hot  gas-cold  air 
interface,  requiring  the  port  width  at  6  to  increase  in  order  for  all  of  the  cold 
air  to  flow  off  the  rotor  into  port  6.  This  process  moves  the  expansion  wave  from 
closing  of  the  hot  gas  port  upstream  nearer  port  6,  as  shown  in  the  second  drawing 
from  the  top  of  Figure  8.  Both  shocks  shown  increase  in  strength  and  the  stagnation 
pressure  level  In  ports  5  and  6  increases  (hot  gas-high  pressure  air  loop).  The 
maximum  stagnation  pressure  in  this  loop  occurs  when  the  hot  gas  interface  and 
expansion  wave  from  closing  of  the  rotor  passage  by  the  hot  gas  port  arrive  simul¬ 
taneously  at  the  downstream  edge  of  the  high  pressure  air  port,  6.  This  condition 
occurs  at  some  nozzle  to  chamber  area  ratio  (A  /A  ) .  Decreasing  A  /A  farther, 

C  C  6  t 

causes  decreasing  air  flow  in  the  hot  gas-high  pressure  air  loop  and  decreasing 
velocity  in  port  5.  Shock  strengths  begin  decreasing  as  does  the  stagnation 
pressure  in  ports  5  and  6.  Since  this  engine  behaves  as  the  Brayton  Cycle  when 
viewed  from  the  stator,  decreasing  peak  cycle  pressure,  Pq^,  decreases  cycle 
efficiency.  Thus  the  maximum  cycle  pressure  ratio  occurs  at  maximum  Pgg,  as 
described  above. 
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Summary  Comparison  of  Development  Opportunities  in  Conventional  and  Wave  Turbo¬ 
machinery. 

Conventional  Turbomachinery  Wave  Rotor  Turbomachinery 


1.  High  temperature  operation  being  I. 

limited  by: 

a.  Slow  progress  in  materials 
development. 

b.  Limitation  on  use  of  compressor 
air  for  turbine  blade  cooling. 

2.  Many  stages  of  compression  required  2. 

because  of  limitations  on  pressure 

rise  or  on  velocity  ratio  in  each  stage 
of  diffusion.  Results  in  heavy 
turbomachinery. 

3.  Axial  flow  machines  are  long  with  numerous  3. 
or  heavy  bearings,  and  ma^  pass  through  at 
least  one  critical  speed  in  operating 
range. 

4.  High  pressure  ratio  at  high  efficiency  4. 
difficult  to  attain. 

5.  Leakage  losses  unimportant  in  large,  or  5. 
moderate  pressure  ratio  machines,  but 
serious  in  small  high  pressure  ratio 
machines. 

6.  Large  surface  area  to  volume  ratios  6. 

result  in  frictional  losses.  Resulting 

low  Reynolds  Numbers,  especially  in 
high  pressure  stages  of  small  machines, 
results  in  low  compressor  efficiency. 


Naturally  cooled  blades  which  pass 
through  hot  and  cold  gas  in  each  ; 

revolution.  Results  in  light  weiynt  * 
machines.  Any  material  advances  will  i 

further  benefit  the  wave  engine.  ! 

! 

! 

Shod:  pressure  rise  very  rapid  and 
much  higher  than  in  steady  flow  tiiffusi 
for  the  same  change  in  subsonic  flow 
velocity  for  both. 

Resulting  single  rotor  or  two 
separate  rotor  machine  is  stiff  and 
requires  lighter  bearings.  General¬ 
ly  no  critical  speeds  in  operating 
range. 

High  pressure  ratios  at  high 
efficiency  attainable. 

Leakage  losses  must  be  contolled. 

Can  be  done  simply  with  control  of 
side  and  shroud  clearances  -  especiall 
with  short  axial  length  rotors. 

Small  surface  area  to  volume  ratios 
make  frictional  losses  relatively 
unimportant.  Scaling  to  small 
engines  easily  accomplished. 


Conclusions 

The  very  desireable  features  of  a  wave  engine  are  suinarizeci  below. 


1.  Higher  combustion  temperatures;  thus  high  specific  power  and  light 
weight  machines.  (Rotor  blades  naturally  cooled.) 

2.  Higher  pressure  ratios;  thus  high  cycle  efficiencies. 
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3.  Higher  pressure  ratios  result  In  expansion  exhaust  temperatures  below 
compression  discharge  temperature;  thus  no  regenerator  or  recuperator 
required. 

4.  Higher  component  efficiencies,  especially  in  spiall  engines;  thus  higher 
cycle  efficiencies. 

5.  Smaller  size  due  to  small  volume  required  for  shock  compression. 

6.  Stable  operation,  i.e.,  no  stall  as  may  occur  in  conventional 
turbocompressors,  because  shock  processes  are  rapid,  stable,  and 
isolated  from  each  other. 

Advantages  of  GPC-SAIC  wave  rotor  and  engine  compared  to  previous  designs: 

1.  More  efficient  compression  processes  -  no  external  (to  the  rotor) 
diffusers  required. 

2.  Wave  rotor  drives  entire  compression  process,  Including  pre -compress ion 

3.  Short  axial  length  resulting  in  better  control  of  side  wall  clearances 
and  thus  leakage.  Leakage  seriously  affects  performance. 
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APPENDIX  A 


Description  of  Wave  Rotor  Operation 

One  way  to  visualize  the  shock  compression  process  occurring  In  the 
passages  between  blades  is  to  imagine  ^sitting"  on  the  rotor  blades  as  they 
rotate  past  the  various  stator  ports  shown  in  Figure  4.  Begin  at  the  end  of 
the  hot  gas  expansion  process.  On  the  blade  one  sees  new  air  from  an  external 
blower  or  compressor  flowing  into  a  blade  passage  pushing  the  spent  hot  exhaust 
gas  out  of  the  passage.  When  this  is  complete  and  only  new  air  Is  flowing 
through  the  passage  It  rotates  past  the  downstream  edge  of  the  exhaust  port 
and  the  flow  is  shut  off  by  the  end  or  side  wall.  The  sudden  stopping  of  the 
flew  causes  a  chock  to  propagate  back  upstream  through  the  passage  bringing 
the  flow  to  rest  relative  to  the  blade  passage.  As  the  shock  brings  each 
portion  of  the  flow  to  rest  the  pressure  in  the  air  increases  by  the  pressure 
ratio  across  the  shock.  When  the  shock  has  reached  the  inlet  end  of  the 
passage  it  rotates  past  the  trailing  edge  of  the  inlet  air  port.  That  side  wall 
now  has  trarped  all  of  the  air  whose  pressure  has  been  increased  on  the  rotor. 
All  the  blade  passages  go  through  this  'process  and  each  in  turn  has  the  air 
in  the  passage  compressed. 

Next  in  the  process  a  blade  passage  rotates  past  the  leading  edge  of  the 
hot  gas  port.  A  shock  now  is  initiated  which  propagates  down  the  passage 
bringing  all  the  air  that  it  passes  to  a  still  higher  pressure.  The  hot  gas 
moves  down  the  passage  behind  the  cool  air  forming  an  interface  between  them. 

The  shock  moves  faster  than  the  interface  which  moves  at  the  subsonic  gas 
velocity.  When  the  shock  arrives  at  the  nozzle  end  of  the  passage  it  rotates 
past  the  leading  edge  of  the  high  pressure  air  port.  The  nozzle  behaves  here 
as  a  constriction  suddenly  causing  the  flow  to  slow,  which  in  turn  causes  a 
reflected  shock  to  propagate  upstream  through  the  passage.  The  air  that  this 
shock  passes  through  is  further  increased  in  pressure.  This  high  pressure  air 
flows  through  the  nozzle  into  the  high  pressure  air  port.  Each  blade  passage 
discharges  its  high  pressure  air  into  this  port  until  the  air-hot  gas  interface 
arrives  at  the  nozzle  end  of  the  passage.  At  this  point  the  passage  rotates 
past  the  downstream  edge  of  the  high  pressure  air  port  preventing  the  hot  gas 
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from  entering  the  port.  Meanwhile  the  reflected  shock  "c"  has  passed  through 
the  air-hot  gas  interface  and  reached  the  upstream  or  inlet  end  of  the  passage. 

At  this  time  the  blade  passage  rotates  past  the  downstream  edge  of  the  hot  gas 
port  preventing  possible  back  flow  into  the  hot  gas  port. 

The  compression  process  is  now  complete.  The  hot  gas  trapped  on  the  rotor 
exits  through  the  nozzle  driving  the  rotor  and  the  entire  compression  process 
by  its  tangential  momentum  flow  there  and  in  a  single  reentry  shown  in  Figure  4. 

Summary  of  Special  Features  of  6PC  Wave  Rotor-Gas  Generator 

The  nozzles  at  the  downstream  end  of  the  rotor  blade  passages  serve  two 
purposes: 

1.  At  the  exit  to  the  high  pressure  air  port  the  nozzles  serve  as  a 
restriction  to  the  flow  causing  a  reflected  shock  to  propagate  upstream. 
This  shock  further  increases  the  pressure  before  the  flow  enters  the 
rotor  nozzles  and  exits  into  the  high  pressure  air  port.  Thus,  at 

the  cool  high  pressure  air  port  the  nozzles  serve  as  an  efficient  internal 
(on  the  rotor)  diffuser.  Internal  pressure  rise  due  to  the  reflected 
shock  is  more  efficient  and  produces  a  higher  pressure  rise  than  an 
external  steady  flow  diffuser.  See  Figure  2  which  illustrates  the 
considerably  larger  pressure  rise  across  a  shock  as  compared  with  the 
steady  flow  diffuser,  for  the  same  change  in  subsonic  velocities  or 
Mach  Numbers.  In  fact,  the  absolute  velocity  leaving  the  nozzles  has 
almost  no  tangential  component  and  hence  no  external  diffusion  Is  required 

2.  At  the  hot  gas  exhaust  in  the  flow  expansion  portion  of  the  rotor  the 
nozzles  produce  a  reaction  force  to  drive  the  rotor  and  entire  compression 
process.  The  compressor  charging  air  on  to  the  rotor  Is  also  driven 

in  this  process.  After  leaving  the  rotor  the  hot  exhaust  gas  is  at 
lower  pressure  and  temperature  but  available  for  power  production  in 
the  free  or  separate  power  turbine. 

Early  investigations  into  the  shock  compression  process  occurring  on  a 
wave  rotor  and  the  associated  flow  did  not  completely  understand  the  effect  of 
the  back  pressure  on  the  rotor  at  the  high  pressure  air  port.  It  was  believed 
that  the  total  pressure  available  at  rotor  exit  could  not  be  effectively 
utilized.  Thus  an  efficient  diffuser  was  not  required.  In  fact,  the  early 
investigations  concluded  that  the  total  air  port  flow  at  too  high  a  pressure 
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could  not  be  used  in  the  return  through  the  combustor  to  the  hot  gas  inlet  port. 
Consequently  some  of  the  flow  from  the  combustor  was  diverted  to  a  high  pressure 
turbine.  However,  it  has  been  found  that  if  all  of  the  flow  is  returned 
through  the  combustor  to  the  wave  rotor  inlet  that  the  direct  and  reflected 
shock  system  will  adjust  to  produce  a  higher  pressure  in  the  high  pressure- 
combustor  loop  increasing  the  cycle  efficiency. 
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FIGURE  1 
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FIGURE  2  WAVE  ENGINE  OR  BRAYTON  CYCLE  EFFICIENCY. 
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FIGURE  3  PRESSURE"  RATIO  FOR  MOVING  SHOCK  AND  STEADY  FLOW 
ISENTROPIC  DIFFUSER. 
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DESIGN  AND  EXPERIMENTAL  VERIFICATION  OF  WAVE  ROTOR  CYCLES 


A  show  of  renewed  interest  in  wave  devices  prompted  the 
initiation  of  a  research  effort  at  the  Turbopropulsion 
laboratory  of  the  Naval  Postgraduate  School ,  with  the 
objective  of  developing  an  understanding  of  the  basic  flow 
processes  and  potential  applications  of  pressure 
exchangers /wave  engines,  primarily  in  propulsion  systems. 

The  effort  was  directed  towards  i)  numerical  studies  and 
an  unsteady  flow  code  development,  ii)  basic  research  level 
(laboratory  scale)  experimental  work,  and  iii)  study  of  past 
and  on-going  efforts  in  this  field  of  technology. 

In  the  area  of  computational,  analysis,  an  unsteady  flow 
code  is  being  developed  which  should  serve  as  a  preliminary 
design  tool.  The  code  can  handle  the5  unique  features  that 
characterize  typical  internal  processes  in  Wave  rotors,  viz. 
multiple  discontinuities  and  wave  interactions  in  the  flow. 
A  further  step  would  then  be  to  incorporate  this  code  into 
an  engine  performance  code  (both  shaft  and  thrust  power 
producing) ,  to  assess  the  potential  payoffs  of  the  combined 
mode  operation. 

The  choice  of  the  numerical  technique  is  based  on  the 
following  criteria,  which  need  to  be  met  as  far  as  possible: 

1.  Higher  order  discontinuities  such  as  shock  fronts  should 
be  computed  stably,  i.e.  without  oscillations  and  with  the 
proper  entropy  jumps. 

2.  The  next  lower  order  of  discontinuities  such  as  contact 
surfaces  and  gradient  discontinuities  should  also  be 
modelled  without  smearing  and  should  be  transported  at  the 
correct  speeds. 

3.  the  smooth  and  uniform  regions  of  the  flow  should  be 
modelled  consistently. 

It  is  often  mentioned  in  the  literature  that  gradient 
discontinuities  (expansion  fans,  compression  waves),  being 
the  lowest  in  the  ’discontinuity  heirarchy',  are  usually 
unworthy  of  special  treatment.  However,  the  importance  of 
these  waves  in  wave  devices  cannot  be  emphasized  enough  and 
any  numerical  code  for  such  a  flow  should  treat  them 
accordingly. 

Over  and  above  the  desire  that  these  criteria  be  met,  it 
was  felt  that  for  the  code  to  be  generally  applicable  and 
user-friendly,  it  should  not  require  an  inordinate  amount  of 
computer  time,  nor  should  it  require  implementation  of 
numerical  'tricks*  which  render  many  codes  quite  useless 
except  in  the  hands  of  those  who  developed  them. 
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A  one-dimensional  method  which  best  seems  to  meet  the 
above  criteria  is  the  Random  Choice  Method,  based  on  an 
existence  proof  given  by  Glimm  (Ref.l),  and  developed  into  a 
numerical  form  by  Chorin  (Ref. 2).  The  code  is  based  on  the 
solution  of  local  Riemann  problems.  Fig.l  shows  a  schematic 
of  the  Riemann  problem  for  the  special  case  of  shock- tube 
flow.  The  problem  consists  of  the  prescription  of  two  states 
of  a  gas  which  are  separated  by  a  diaphragm  at  time  t=0;  the 
solution  consists  of  charting  the  flow  field  at  t=0+,  i.e. 
after  the  diaphragm  is  ruptured.  Each  solution  is  an  exact 
analytical  solution  obtained  through  shock  and/or  expansion 
transition  functions  (Ref. 3).  The  method  thus  solves  the 
governing  Euler  equations  in  one-dimension  by  solving  a 
sequence  of  adjacent  Riemann  problems,  specified  as  the 
initial  conditions  for  each  succeeding  time  step.  The 
solution  to  each  Riemann  problem  is  then  discretely 
represented  by  sampling  it  in  a  quasi-random  fashion. 
Thesampling  procedure  is  due  to  Van  der  Corput  (Ref. 4), 
which  generates  equidistributed  sequences  of  numbers 
belonging  to  a  (0,1)  interval. 

Fig. 2  shows  the  results  for  a  test-case  for  this  method 
(due  to  Sod,  Ref. 5).  Four  parameters  are  plotted  in  the 
figure,  the  pressure,  density,  velocity  and  entropy.  The 
squares  on  the  density  plot  represent  the  magnitude  and  the 
physical  location  of  the  head  wave,  the  tail  wave,  the 
contact  surface  and  the  shock  wave  (from  left  to  right) 
generated  by  an  exact  solution  for  the  tesc  case.  Note  the 
'infinite'  resolution  of  the  strong  discontinuities  as  well 
the  perfect  realization  of  the  constant  states.  The 
rarefaction  wave  propagating  to  left  is  modelled  well 
too. 

The  program  is  run  in  an  interactive  mode,  and  for  any 
particular  wave  diagram  that  is  being  studied,  all  four 
parameters  are  plotted  simultaneously  along  with  an  x-t  plot 
(representing  the  wave  diagram),  the  latter  generated  by 
means  of  a  suitable  tracking  scheme  (Ref. 6). 

Using  the  Random  Choice  Method,  a  simple  wave  diagram  was 
computed  for  the  proposed  wave  turbine  experiment  at  TPL. 
All  the  discontinuities  are  generated  and  tracked  very  well 
as  shown  in  Fig. 3.  The  propagation  of  the  shock  front  in 
time  is  shown  in  Fig. 4.  Although  this  is  an  ideal 
representation  of  the  waves,  it  still  helps  in  visualizing 
the  basic  internal  flow  structure  and  in  providing  base 
numbers  for  a  preliminary  design.  Except  for  the 
implementation  of  proper  boundary  conditions,  the  code 
requires  no  other  input  or  'tweaking',  a  feature  that  is 
characteristic  of  the  Riemann  problem  solver  type  numerical 
codes.  Even  in  a  non-optimized  form  and  with  interactive 
graphics,  the  example  shown  above  required  about  1  minute  on 
an  IBM  370-3033AP. 


A  more  complex  diagram,  which  describes  the  low  pressure 
side  induction  process  of  a  counterflow  scavenge  cycle  is 
shown  in  Fig. 5.  This  is  the  case  for  a  gas  generator 
application  of  the  wave  rotor,  the  usefulness  of  the 
configuration  being  measured  by  the  net  pressure  gain  across 
the  machine.  This  particular  case  can  be  solved  in 
approximately  2.5  minutes  of  CPU  time.  To  keep  the  picture 
in  perspective,  what  is  being  solved  for  in  this  case  is 
equivalent  to  the  exhaust  and  induction  processes  of  the 
internal  combustion  case  described  in  Ref. 7,  presented 
elsewhere  in  these  proceedings.  The  performance  curves  thus 
obtained  are  shown  in  Fig. 6,  which  can  be  used  in  the  engine 
performance  code  to  get  preliminary  estimates  of  the 
performance  of  the  combined  unit. 

Before  describing  the  experimental  effort,  I  would  like 
to  make  note  of  the  fact  that  it  was  encouraging  to  hear 
some  of  the  papers  presented  earlier  during  this  workshop, 
especially  those  of  Dr.  Kentfield  and  Dr.  Matthews.  The 
former  British  company,  Power  Jets  Ltd.,  and  Brown  Boveri 
Corporation  of  Switzerland  both  recognized  the  need  for 
simple  tests  to  better  understand  the  fundamental  processes 
in  wave  rotors,  something  that  the  experiment  currently 
being  run  at  TPL  is  trying  to  model. 

The  wave  turbine  mode  operation  is  essentially  the  cell 
filling  and  cell  emptying  unit  processes  described  by 
Dr. Kentfield,  and  some  of  the  objectives  of  this  program  are 
shown  in  Fig. 7.  The  experiments  will  basically  serve  to 
validate  the  accuracy  of  the  computations  carried  out  and 
indicate  the  areas  of  significant  deviations.  A  schematic  of 
the  rotor  with  the  inflow  and  outflow  ports  is  shown  in 
Fig. 8,  along  with  a  simplified  representation  of  the 
corresponding  wave  structure.  The  rotor  has  passages  which 
are  canted  at  60  degrees  to  the  axis,  and  is  comprised  of 
six  wafers  bolted  together,  a  feature  which  enables  the 
rotor  passage  length  to  be  changed  should  the  need  arise. 
The  installation  setup  is  shown  in  Fig. 9. 

Preliminary  tests  have  recently  been  initiated  and  the 
current  status  of  the  experimentation  is  shown  in  Fig. 10. 
Consistent  self-acceleration  of  the  rotor  is  achieved  at 
approximately  5000  to  6000  RPM,  indicative  of  shaft  power 
production.  The  next  step  in  the  process  is  to  attach  an 
air- dynamometer  to  absorb  the  load  generated  and  to  make 
careful  torque-horsepower- rpm  measurements. 
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LOW-COST  PRELIMINARY  RESEARCH  TEST  RIG  TO  PROVIDE 
THE  UNDERSTANDING  NECESSARY  TO  PROPOSE  A  PRACTICAL 
ENGINE.  'WAVE  TURBINE'  RODE  OPERATION  SELECTED. 


OBJECTIVES'. 


-  DEMONSTRATE  MECHANICAL  RELIABILITY  OF 
TEST  VEHICLE 

-  COMPARE  OBSERVED  WEIGHT  FLOW  TO  COMPUTED 
VALUE  TO  GAUGE  INFLOW  LOSSES 

-  COMPARE  EXHAUST  PROCESS  WITH  THE  IDEAL 
1-DIMENSIONAL  TRANSIENT  FLOW  SOLUTION 
OBTAINED  NUMERICALLY 

-  INTRODUCE  FINITE  TIME  EFFECTS  INTO 
COMPUTATION  AND  EVALUATE  SIGNIFICANCE 
FOR  EXHAUST  PROCESSES 

-  (POSSIBLY)  TEST  EFFECT  OF  EDGE  GEOMETRY 
ON  INFLOW  AND  OUTFLOW  PROCESSES 
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Gradual  Opening  of  Rectangular  Axial  and  Skewed  Wave  Rotor  Passages 


by  S.  Eideloan 

J 
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ABSTRACT 


It  was  shown  in  the  present  study,  on  the  basis  of  numerical  modeling, 
that  the  dynamics  of  the  passage  opening  significantly  effects  the  flow 
pattern  in  the  passages  of  wave  rotor  devices.  For  retangular  axial  pas¬ 
sages,  even  when  the  velocity  of  the  passage  opening  is  500  M/sec,  a  one 
dimensional  flow  pattern  forms  only  in  passages  with  length  to  width  ratio 
larger  than  3.  In  the  region  preceding  the  formation  of  the  one  dimension¬ 
al  flow  pattern,  the  flow  is  rotational  and  in  some  instances  contains 
shock  and  pressure  waves  which  repetitively  reflect  from  the  upper  and  low¬ 
er  walls  of  the  passage.  In  practice  this  would  lead  to  significant  mixing 
between  the  driver  gas  (e.g.,  exhaust  gas)  and  the  driven  gas  (e.g.  fresh 
air)  and  reduce  the  efficiency  of  the  engine  cycle.  With  a  reduction  in 
the  velocity  of  the  passage  opening,  the  volume  of  the  mixing  region  in¬ 
creases  as  a  result  of  the  rotational  flow  which  develops  from  the  slow 
opening  of  the  passage.  With  an  Increase  in  shock  wave  strength,  the  vol¬ 
ume  of  the  mixing  region  Increases  as  a  result  of  the  rotational  flow  which 
develops  from  mulitple  reflections  of  the  shock  and  pressure  waves  from  the 
passage  walls. 

At  the  same  time  our  modeling  of  the  gradual  opening  of  the  skewed 
passage  shows  the  way  to  minimize  mixing  losses  at  the  inlet.  Opening  the 
skewed  passages  with  the  optimal  velocity  reported  in  this  study  will  allow 
to  reduce  the  losses  and  design  the  wave  rotors  with  shorter  passages.  Our 
simulation  shows  that  even  is  the  conditions  for  the  optimal  opening  are 
not  satisfied  exactly,  reduction  of  the  rotational  mixing  could  be  signifi¬ 
cant  if  the  opening  velocity  is  ±  151  of  the  optimal  value. 

Numerical  modeling  of  the  process  of  gradual  passage  opening  at  the 
inlet  port  of  the  driven  gas  revealed  that  the  interface  between  the  gases 
will  move  all  the  way  through  the  passage  with  a  frozen  pattern  of  distor¬ 
tion  or  obliqueness  to  the  passage  walls.  The  interface  obliqueness  in¬ 
creases  when  the  velocity  of  the  passage  opening  decreases. 

In  all,  it  can  be  concluded  that  taking  into  account  the  gradual  pas¬ 
sage  opening  is  essential  for  the  wave  machine  design,  not  only  for  proper 
timing  and  wave  arrangement  but  also  because  of  the  losses  which  will  occur 
due  to  mixing  and  wave  reflectins.  The  gap  between  projected  and  achieved 
efficlences  of  wave  machines,  could  be  partially  due  to  neglect  of  the  ef¬ 
fects  of  the  gradual  passage  opening  which  are  studied  in  this  paper. 
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The  Problem  of  Gradual  Opening  in  Wave  Rotor  Passages 

by  S.  Eidelman 

Introduction 

Wave  rotors  are  devices  which  use  wave  propagation  through  the  fluid  in 
a  rotor  passage  to  transfer  energy  from  one  fluid  to  another  (Ref  1)  or  to 
transfer  energy  from  one  fluid  to  rotor  shaft  and  another  fluid  (Ref  2). 

"Wave  rotors")"wave  engines,"  "wave  pressure  exchangers,"  "wave  equalizers," 
"Comprex"  -  are  all  based  on  the  same  idea  of  energy  exchange  in  the  unsteady 
waves,  and  the  topic  of  the  present  study  would  be  relevant  to  all  these 
devices. 

The  principles  of  operation  of  wave  rotor  devices  and  their  comraerical 
applications  can  be  found  in  References  1,  2,  and  3.  For  completeness,  the 
general  scheme  of  a  wave  pressure  exchanger  will  be  described.  Such  a  device 
is  illustrated  in  Figure  1.  One  gas  (driver)  at  high  pressure  is  used  to  com¬ 
press  a  second  gas  (driven).  The  process  is  arranged  to  occur  in  tube-like 
passages  with  trapezoidal  cross-section  located  on  the  periphery  of  a  rotating 
drum  or  rotor.  The  compression  is  achieved  successively  in  each  rotor  passage 
by  means  of  compression  waves  or  shock  waves  generated  by  the  entering  driver 
gas.  The  compressed  driven  gas  is  drawn  off  from  the  end  of  the  passage  when 
it  aligns  with  an  outlet  port.  The  driver  gas  then  undergoes  a  series  of 
expansions  to  a  lower  pressure  and  is  scavenged  out  by  freshly  inducted  driven 
gas  at  approximately  the  same  pressure  level.  This  fresh  'charge1  is  then 
compressed  by  the  high  pressure  driver  gas  and  the  cycle  repeats  itself. 

Steady  rotation  of  the  drum  sequences  the  ends  of  the  passages  past  stationary 
inlet  ports,  outlet  ports  and  endwalls.  This  establishes  unsteady  but  periodic 
flow  processes  within  the  rotating  passages  and  essentially  steady  flow  in  the 
inlot  and  outlet  ports.  The  passages  may  be  oriented  axially  as  in  Figure  1  or 


at  a  'stagger*  angle.  In  general,  wave  machines  used  as  pure  pressure  exchange 
(e.g.,  the  "Comprex"  Ref  1)  have  axially  oriented  passages,  while-those  with 
staggered  passages  may  drive  a  shaft,  since  shaft  work  extraction  is  possible 
with  this  latter  configuration. 

It  is  very  desirable,  in  the  design  of  the  wave  rotor,  to  determine  the 
optimal  ratio  between  the  width  and  length  of  the  single  passage  of  the  rotor. 
Usually  only  two  parameters  are  evaluated  to  determine  this  ratio:  skin 
friction  losses  and  by-pass  losses.  The  number  of  passages  on  the  rotor  should 
be  minimal  in  order  to  minimize  skin  friction  losses.  On  the  other  hand  the 
passage  should  be  narrow  compared  to  the  port  widths  in  order  to  reduce  flow 
by-pass  between  inlet  or  outlet  ports.  The  transient  process  of  the  passage 
opening  or  closing  (as  the  passage  end  moves  across  a  port  or  moves  from  a 
port  to  be  closed  by  the  endwall  respectively)  usually  is  not  considered  in 
the  design.  It  is  generally  assumed  that  the  passage  opening  or  closure  occurs 
ins  tantaneous ly . 

Pearson  [2]  tried  to  take  into  account  the  gradual  opening  of  the  passage 
assuming  that  the  air  in  the  passage  is  compressed  in  a  series  (usually  three) 
of  discrete  compression  waves  which  converged  and  ultimately  merged  to  form  a 
shock  wave.  This  allowed  him  to  design  a  complicated  wave  machine  cycle  for 
a  rotor  using  relatively  short  passages.  However,  since  the  technique,  was 
one  dimensional  it  could  not  reveal  the  peculiarities  of  this  essentially 
two  dimensional  flow  and  would  be  valid  only  for  very  weak  waves. 

In  the  present  study,  by  means  of  numerical  modeling,  we  will  examine  in 


IM 


real-time  how  the  gradual  opening  influences  the  wave  formation  in  the  wave 
rotor  passages  and  how  that  should  affect  the  rotor  design. 

Model 


Here  the  assumptions  involved  in  the  numerical  simulations  are  described. 
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The  flow  in  each  passage  of  Che  wave  rotor  is  unsteady  and  periodic. 

At  the  same  time,  the  flow  through  the  ports  is  (ideally)  steady  [Ref  1  &  2]. 
The  peripheral  width  of  the  port  is  usually  equal  to  several  widths  of  a 
single  passage,  and  in  this  study  it  is  assumed  that  the  flow  in  the  inlet  or 
outlet  port  remains  stationary  when  the  passage-end  encounters  the  port.  For 
this  reason  the  region  of  the  port  is  not  included  in  the  computational  domain 
shown  in  Figure  2. 

The  time  dependent  process  of  the  passage-end  translating  across  the 
region  of  the  inlet  or  outlet  port  will  be  referred  as  the  gradual  opening  of 
the  passage.  The  passage  opening  process  will  be  referred  as  instantaneous, 
when  the  assumption  is  made  that  the  passage  instantaneously  opens  to  the  port 
area  and  is  subjected  immediately  to  the  steady  flow  conditions  at  the  port. 

It  is  assumed  that  the  flow  is  inviscid,  and  can  be  modeled  by  the  Euler 
equations. 

The  unsteady  two-dimensional  Euler  equations  can  be  written  in  conser¬ 
vation  law  form  as: 


system  of  equations  represented  by  Equation  (1)  in  the  computational  domain 
shown  in  Figure  2  in  time  t,  with  the  following  conditions  at  the  domain 
boundaries: 

a)  Solid  wall  along  segments  1-3  and  2-4 

b)  Outflow  along  segment  3-4 

c)  Inlet  along  segment  1-2 

It  is  assumed  that  initially  at  time  t  »  0,  the  passage  of  the  wave 
rotor  is  filled  with  stationary  gas  at  ambient  conditions.  When  instan¬ 
taneous  opening  of  the  wave  rotor  passage  was  simulated,  it  was  assumed 
that  at  time  t  ■  0,  the  flow  at  the  inlet  1-2  was  equal  to  the  steady  flow 
in  the  port.  When  gradual  opening  of  the  passage  was  simulated,  at  time 
t  *  0,  the  inlet  was  closed  and  solid  wall  boundary  conditions  were  imposed 
at  the  inlet  1-2.  Then,  this  boundary  condition  was  gradually  replaced  by  the 
flow  condition  at  the  inlet  port.  The  length  uncovered  to  the  inlet  port 
region,  where  the  solid  wall  boundary  conditions  were  replaced  by  the  inlet 
port  conditions,  was  determined  using  the  elapsed  time  and  the  velocity  of 
the  passage  relative  to  the  inlet  port. 

The  Godunov  method  was  used  to  obtain  a  numerical  solution  of  Equation  (1) 
with  the  described  boundary  and  initial  conditions.  Details  of  the  implemen¬ 
tation  of  the  method  and  boundary  conditions  are  given  in  Reference  4. 

The  flow  field  was  modeled  for  the  rectagular  passage  with  0.p2m-width 
and  0.12m-length.  The  grid  covering  the  computational  domain  of  the  passage 
is  shown  in  Figure  2. 


Results  and  Discussion 


The  following  initial  conditions  were  assumed  for  the  air  initially 
in  the  passage: 

PQ  *  1  atm  ;  pQ  »  1.2  kg/M^  ;  UQ  -  0  ;  Vq  *  0  ; 

The  driver  gas  entering  through  the  port  at  the  left  hand  end  was  assumed 
to  have  the  following  properties: 

*  1.8  atm  ;  pd  «  1.81  kg/M"*  ;  Ud  »  150  M/sec  ;  Vd  *  0  ; 


These  conditions  correspond  to  d  practical  situation,  in  a  wave  rotor  when, 
a  passage  filled  with  a  quiescent  fresh  charge  of  air  at  ambient  conditions 
encounters  an  inlet  port  supplying  hot,  high  pressure  driver  gas. 

If  the  assumption  is  made  that  the  passage  instantaneously  opens  and  is 
subjected  to  the  conditions  of  the  inlet  flow  at  the  left  boundary  1-2  (see 
Fig.  2),  then  a  perfectly  one  dimensional  flow  pattern  should  develop  in  the 
passage.  The  result  of  the  modeling  of  these  conditions  are  presented  in 
the  form  of  pressure  contours  at  progressively  larger  time  steps  in  Figure  3. 
Time  t  ■  0,  corresponds  to  the  moment  when  the  passage  opens.  Instantaneous 
opening  of  the  passage  is  seen  in  Figure  3  to  lead  to  an  immediate  formation 
of  a  shock  wave  and  subsequent  propagation  in  the  passage  from  the  left  to 
the  right.  The  flow  conditions  at  the  inlet  port  are  matched  to  the  para¬ 
meters  of  the  rarefaction  wave  which  presumably  would  move  towards  the  left 
end  of  the  passage.  For  this  reason  the  flow  in  the  passage  has  no  additional 
discontinuity.  This  situation  is  typical  for  a  wave  rotor ,  where  flew  con¬ 
ditions  at  the  ports  are  chosen  in  such  a  way  that  waves  do  not  propagate 
from  the  passages  into  inlet  or  outlet  ports.  The  flow  in  the  ports  will 
therefore  remain  steady.  In  the  case  shown  in  Figure  3,  the  shock  wave  was 
found  to  propagate  with  a  velocity,  V  ^  •  446  M/sec,  the  interface  with  a 


velocity  V^n  *  150  M/sec  and  all  the  parameters  examined  were  confirmed 
accurately  using  one  dimensional  gas  dynamics  relationships. 

Most  of  the  approaches  used  in  wave  rotor  design  are  based  on  the  assump¬ 
tion  that  the  waves  are  one  dimensional  in  nature.  When  the  gas  is  compressed 
by  a  weak  shock  wave  for  instance,  assumptions  are  made  that:  the  process 
is  isoentropic;  the  hot  and  cold  gases  are  strictly  separated  by  a  planar 
interface;  and,  the  flow  is  everywhere  irrotational.  This  leads  to  the  very 
high  efficiences  projected  for  the  compression.  If  the  passage  is  wide  enough, 
so  that  viscous  effects  can  be  neglected,  this  model  of  the  compression  in 
the  wave  rotor  passage  is  realistic,  but  only  for  instantaneous  passage  opening 
or  for  a  very  long  passage.  Results  presented  below  illustrate  how  the  gradual 
passage  opening  effects  the  compression  process. 

In  Figure  4,  the  pressure  and  Mach  number  contours  in  the  passage  are 
shown  at  a  sequence  of  times  for  the  case  of  a  gradual  opening  to  the  inlet 
port  with  the  velocity  of  100  M/sec.  Parameters  for  the  gas  in  the  passage, 
before  opening  begins,  and  in  the  inlet  port  are  the  same  as  for  the  case  of 
instantaneous  opening.  The  dynamics  of  the  flow  development  seen  in  Figure  4a 
is  very  different  from  that  shown  in  Figure  3.  First,  curved  pressure  waves 
radiate  from  the  initial  small  opening  appearing  at  the  lower  corner  of  the 
inlet  on  the  left  side  of  the  passage  (t  ■  0.044  Msec  in  Fig.  4).  Subsequently, 
these  waves  reflect  from  the  upper  wall  of  the  passage  and  at  the  (ime 
t  ■  0.125  Msec,  have  formed  a  row  of  compression  waves  which  have  approximately 

straight  fronts  normal  to  the  wall  of  the  passage.  Initially,  compression 

* 

waves  of  this  kind  occupy  a  small  part  of  the  region  with  disturbed  gas.  In 
the  region  well  behind  the  front  of  this  quasi  one  dimensional  propagation, 
compression  waves  are  curved  and  are  the  result  of  the  interaction  between  the 
waves  reflecting  back  and  forth  between  lower  and  upper  walls  of  the  passage 
and  the  new  waves  created  by  the  progressive  opening  of  the  port  to  the  passage. 
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As  it  is  possible  to  see  in  Figures  4a  and  4b  for  the  times  t  -  0.084  Msec 
and  t  *  0.166  Msec  respectively,  the  flow  behind  the  quasi  one  dimensional 
region  is  highly  rotational  and  is  relatively  constant  pressure  in  the  "X” 
direction.  The  passage  became  fully  opened  only  at  t  ■  0.2  Msec.  At  this 
time  compression  waves  are  propagating  along  the  length  of  the  passage  and 
the  pressure  rises  gradually  from  1  atm  at  the  right  end  to  1.8  atm  at  the 
left  end.  The  front  of  converging  compression  waves  will  eventually  become 
a  shock  wave,  but  this  will  occur  at  some  later  time  and  outside  the  computa¬ 
tional  domain. 

It  was  concluded  from  the  case  presented  in  Figures  4a  and  4b,  that  a 
length  to  width  ratio  of  the  passage  of  6  will  lead  to  very  high  mixing  losses, 
non-uniform  and  inefficient  compression. 

In  Figures  5a  and  5b,  pressure  and  velocity  contours  are  shown  for  the 

case  of  gradual  opening  of  the  passage  with  velocity  200  M/sec.  Full  opening 

* 

of  the  passage  in  this  case  occured  at  t  »  0.1  msec.  A  curved  shock  wave  is 
formed  at  t  ■  0.044  msec.  This  shock  wave  (see  Fig.  5a)  partially  reflects 
from  the  upper  wall  of  the  passage  and  then,  gradually  converging  with  its 
main  front,  forms  an  almost  planar  shock  front  at  the  time  t  »  0.252  msec. 
However,  even  then  the  flow  is  highly  rotational  behind  the  shock  front,  and 
the  region  of  rotational  flow  occupies  one  third  of  the  passage  volume.  In 
this  region  the  gas  velocity  increases  from  M  «  0.3  at  the  upper  vail  to 
M  -  0.52  at  the  lower  wall. 

When  the  velocity  of  the  passage  opening  is  increased  to  500  M/sec  (see 
Figs.  6a  and  6b)  the  passage  becomes  fully  open  at  T  •  0.04  Msec.  Because  of 
the  fast  opening  of  the  passage  the  shock  wave  at  the  time  T  •  0.044  Msec, 
is  less  curved  and  only  a  small  fraction  of  the  shock  front  reflects  from  the 
upper  wall.  This  reflected  part  of  the  shock  front  converges  with  the  main 
front  at  t  •  0.172  msec.  From  that  time  on,  the  flow  pattern  in  the  passage 


is  mostly  one  dimensional  with  a  small  and  weakening  region  of  rotational 
flow  behind  the  main  front.  Nevertheless,  even  for  this  case,  with  passage 
lengch/passage  width  =  3,  there  will  be  very  high  mixing  losses,  with  a  large 
part  of  the  passage  volume  subjected  to  rotational  flow. 

In  order  to  study  how  the  strength  of  the  shock  wave  influences  the 
flow  pattern  developing  in  the  passage,  an  additional  case  was  simulated 
where  the  parameters  of  the  driver  gas  at  the  inlet  port  area  were  increased; 
namely,  to 

Pd  =  2.85  atm  ;  Ud  =  283  M/sec  ;  pd  -  4  kg/M3 

As  in  the  previous  case  the  parameters  of  the  driver  gas  were  chosen  in  such 
a  way  that  waves  do  not  propagate  back  into  the  port  when  the  passage  opens. 
Results  of  this  simulation,  are  shown  in  Figure  7a  and  7b.  The  velocity  of 
the  passage  opening  was  V  =  250  M/sec.  It  was  concluded  from  the  results 
presented  in  Figure  7a  and  7b  that  an  increase  in  the  initial  shock  strength 
leads  to  stronger  reflections  and  to  substantial  increases  in  the  flow  rotation. 
This  in  turn  will  load  to  increased  losses  because  of  mixing  of  the  driver  and 
driven  gases.  The  pattern  of  multiple  reflections  of  the  shock  wave  from  the 
upper  and  lower  wails  of  the  passage  can  be  seen  in  Figure  7a.  At  time 
T  ®  0.073  Msec  the  shock  wave  reflected  from  the  upper  wall  is  propagating 
towards  the  lower  wall.  Part  of  the  reflected  shock-wave  front  converges 

i 

with  the  main  shock  wave,  and  part  begins  to  reflect  from  the  lower  wall. 

(time  0.109  Msec)  Thu  multiple  reflection  weakens  the  reflected  shock,  but 
the  reflection  between  the  walls  of  the  passage  continues  and  can  be  followed 
for  t  ■  0.211  Msec  and  «  0.245  Msec.  It  is  clear  that  for  these  conditions 
even  passages  with  length  to  width  ratio  of  6  will  have  very  substantial  mixing 
losses  because  of  the  rotational  flow. 

A  different  situation  is  found  for  the  passage  opening  to  the  inlet  port 
of  the  driven  gas.  At  this  port,  the  pressure  and  velocity  of  the  (driver) 


gas  in  the  passage  should  be  matched  with  the  pressure  and  velocity  of  the 

(driven)  gas  at  the  inlet.  If  the  passage  opens  instantaneously,  the  flow 

field  in  the  passage  will  have  only  one  discontinuity  -  the  interface  between 

the  fresh  air  and  exhaust  gas  entering  and  leaving  the  passage  respectively. 

To  model  this  condition  for  the  gradual  passage  opening,  it  was  assumed  that 

3 

in  the  passage,  PQ  -  1  atm,  pQ  *  0.5  kg/ra  ,  *  150  M/sec  and  Vq  ■  0  ; 

3 

in  the  port,  »  1  atm,  »  1.4  kg/M  ,  -  150  M/sec  and  ■  0  . 

The  velocity  of  the  passage  opening  was  V  *  200  M/sec. 

Results  for  this  simulation  are  presented  in  Figures  8a  and  8b.  It  can 
been  seen  that,  since  at  the  first  moment  most  of  the  inlet  cross-section  is 
blocked  by  the  wall,  a  rarefaction  wave  reflects  from  the  inlet  wall.  The 
passage  full  opening  occurs  at  t  ■  0.1  Msec.  From  this  time  on  the  pressure 
deviation  in  the  flow  field  weakens  and  at  t  »  0.22  Msec  the  pressure  is 
almost  completely  uniform  and  equal  to  the  static  pressure  in  both  the  undis¬ 
turbed  driven  air  and  in  the  exhaust  gas.  Figure  8b  shows  that  the  interface 
will  carry  the  imprint  of  the  gradual  passage  opening  a  long  time  after  the 
passage  becomes  fully  open.  There  is  no  dissipative  mechanism  included  in 
the  mathematical  model  used  in  this  study  to  force  the  interface  to  become 
normal  to  the  passage  walls.  Therefore  the  interface  will  "remember"  the 
dynamics  of  the  gradual  passage  opening  even  in  passages  with  large  length  to 
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to  width  ratio. 


Conclusions 


It  was  shown  in  the  present  study,  on  the  basis  of  numerical  modeling, 
that  the  dynamics  of  the  passage  opening  significantly  effects  the  flow  pattern 
in  the  passages  of  wave  rotor  devices.  For  rectangular  axial  passages,  even 
when  the  velocity  of  the  passage  opening  is  500  M/sec,  a  one  dimensional  flow 
pattern  forms  only  in  passages  with  length  to  width  ratio  larger  than  3.  In 
the  region  preceding  the  formation  of  the  one  dimensional  flow  pattern,  the 
flow  is  rotational  and  in  some  instances  contains  shock  and  pressure  waves 
which  repetitively  reflect  from  the  upper  and  lower  walls  of  the  passage. 

In  practice  this  would  lead  to  significant  mixing  between  the  driver  gas  (e.g., 
exhaust  gas)  and  the  driven  gas  (e.g.,  fresh  air)  and  reduce  the  efficiency  of 
the  engine  cycle.  With  a  reduction  in  the  velocity  of  the  passage  opening, 
the  volume  of  the  mixing  region  increases  as  a  result  of  the  rotational  flow 
which  develops  from  the  slow  opening  of  the  passage.  With  an  increase  in 
shock  wave  strength,  the  volume  of  the  mixing  region  increases  as  a  result 
of  the  rotational  flow  which  develops  from  multiple  reflections  of  the  shock 
and  pressure  waves  from  the  passage  walls. 

Numerical  modeling  of  the  process  of  gradual  passage  opening  at  the 
inlet  port  of  the  driven  gas  revealed  that  the  interface  between  the  gases 
will  move  all  the  way  through  the  passage  with  a  frozen  pattern  of  distortion 
or  obliquity  to  the  passage  wails.  The  interface  obliquity  Increises  when 
the  velocity  of  the  passage  opening  decreases. 

In  all,  it  can  be  concluded  that  taking  ii'o  account  the  gradual  passage 
opening  is  essential  for  the  wave  machine  design,  not  only  for  proper  timing 
and  wave  arrangement  but  also  because  of  the  losses  which  will  occur  due  to 
mixing  and  wave  reflections.  The  gap  between  projected  and  achieved  efficien¬ 
cies  of  wave  machines  (2,  6,  7),  could  be  partially  due  to  neglect  of  the 
effects  of  the  gradual  passage  opening  which  are  studied  in  this  paper. 
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Figure  1.  Wave  rotor  operation  scheme. 


a)  Preaaure  contour* 


b)  Mach  nuaber  contour* 


Figure  7. 


The  flow  pattern  evolution  for  the  g«*  with  higher  total  enthalpy  at 
the  Inlet  port. 
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Figure  8.  The  evolution  of  the  interface. 
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SUMMARY 


Wave-rotor  devices  have  been  proposed  several  times  in  the  past  as 
the  high-pressure  “spools'*  of  gas-turbine  engines.  A  variation  of  these 
proposals  is  brought  forward  for  consideration  here. 


The  potential  gains  in  engine  performance  of  reducing  diffuser  and 
combustor  total -pressure  losses  and  of  possibly  achieving  a  gain  in  total 
pressure  during  combustion  are  described.  Past  proposals  are  reviewed. 
The  potential  for  future  development  in  some  limited  areas  is  discussed. 


INTRODUCTION 


The  application  of  wave-rotor  technology  to  be  considered  here  is 
strictly  limited.  Whereas  most  proposals  have  concerned  the  harnessing 
of  pressure  waves  in  compressible  fluids  to  transfer,  as  reversibly  as 
possible,  pressure  energy  between  different  streams  of  fluids,  here  we 
examine  the  interaction  between  a  single  stream  of  fluid  and  a  rotor. 


We  have  two  purposes.  One  is  to  accomplish  a  greater  degree  of 
diffusion  than  is  possible  with  conventional  subsonic  diffusers.  Tne 
second  1$  to  approach  constant- volume  combustion  for  gas-turbine  engines. 


The  performance  of  conventional  diffusers 


2S0 
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Tne  principal  performance  measure  of  diffusers  is  the  pressure-rise 
coefficient  Cp,  defined  as  the  rise  in  static  pressure  as  a  proportion  of 
the  mean  Inlet  dynamic  pressure.  A  typical  value  of  Cp  for  a  "good" 
diffuser  Is  0.7.  The  maximum  value  of  Cp  is  limited  by  several  factors. 
The  first  Is  area  ratio:  if  a  sufficient  area  ratio  is  not  provided, 
there  is  no  possibility  of  the  flow  being  slowed  to  the  degree  necessary 
to  allow  conversion  of  a  high  proportion  of  the  dynamic  pressure  to 
static  pressure.  However,  a  large  area  ratio  is  no ^guarantee  of 
efficient  pressure  recovery.  Any  factor  that  could  precipitate  stalling 
of  the  boundary  layers  along  the  diffuser  walls,  such  as  wall  roughness, 
thick  and  sluggish  inlet  boundary  layers,  high  wall  curvature,  flow 
Incidence  or  swirling  at  inlet,  secondary  flow,  or  secondary  vorticity, 
may  reduce  pressure  recovery  to  a  low  value. 


In  a  gas-turbine  engine,  the  diffuser  having  the  most  Impact  on 
cycle  performance  is  that  at  compressor  exit.  Typically  the  velocity  at 
the  exit  of  an  axial  compressor  is  200  m/s;  downstream  of  the  radial 
diffuser  of  a  centrifugal  compressor  the  velocity  is  usually  somewhat 
higher.  In  the  axial-compressor  case,  a  short  diffuser  having  a  velocity 
ratio  of  about  2:1  can  be  fitted;  little  additional  diffusion  can  be  * 
incorporated  downst  earn  of  a  radial  diffuser. 


Therefore  there  is  a  considerable  loss  of  total  pressure  in  the  form 
of  dynamic  pressure,  and  a  smaller  pressure  loss  due  to  wall  friction,  in 
the  compressor-outlet  diffuser  in  a  gas-turbine  engine.  This  loss  may 
constitute  one- third  or  more  of  the  total  losses  in  compression  -  eg  five 
points  in  fifteen  in  a  compressor  of  85-percent  efficiency. 


The  performance  of  conventional  combustion  systems 


If  combustion  could  be  stabilized  in  an  air  stream  moving  at  200  m/s 
there  would  be  no  need  for  a  diffuser  after  the  compressor.  However,  the 
maximum  speed  of  turbulent  flames  is  less  than  15  m/s.  This  maximum 
occurs  at  close  to  the  stoichiometric  mixture.  In  a  standard  form  of 
combustion  chamber,  therefore,  a  "primary  zone"  is  designed  to  produce 
near-stoichiometric  mixtures  at  all  operating  conditions*  The 
very- high- temperature  gases  from  the  primary  zone  must  then  be  diluted 
with  "secondary"  air  from  the  compressor  delivery  in  such  a  way  that. a 
reasonably  uni  form- tempera tore  stream  is  delivered  to  tne  turbine.  To 
achieve  such  a  flow,  the  diluent  cooling  air  must  be  injected  into  the 
hot  stream  so  that  full  penetration  of  the  stream  is  achieved. 


The  dynamic  pressure  required  for  these  dilution  jets  Is  produced 
from  the  just-slowed  compressor-delivery  air.  The  overall  combustor 
pressure  drop  in  gas-turbine  engines  that  is  required  1$  generally  in  the 
range  of  J-6  percent  of  the  compressor- deli  very  pressure.  This  brings 
about  a  fall  of  similar  percentage  in  the  cycle  thermal  efficiency. 
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The  combined  effect  of  diffuser  and  combustor  losses 


If  in  a  typical  gas-turbine  engine  we  could  eliminate  diffuser 
losses,  so  bringing  about  a  three-percent  gain  in  compressor  efficiency, 
and  if  we  could  eliminate  a  four-percent  combustor  total -pressure  loss, 
we  would  increase  the  specific  power  output  and  the*thermal  efficiency  by 
around  five  percent.  This  is  a  very  considerable  gain,  given  the  large 
sums  spent  in  design  and  development  to  achieve  fractions  of  a  percent 
improvement.  If  it  were  possible  to  produce  an  actual  pressure  rise  in 
combustion,  as  is  theoretically  possible  for  constant- volume  heat 
addition,  the  gains  would  be  even  greater. 


BRIEF  HISTORICAL  REVIEW 


The  constant- volume-combustion  cycle  was  developed  actively  by 
Holzwarth,  working  partly  with  the  Brown  Boveri  Company,  for  over  thirty 
years  from  1906.  It  was,  in  fact,  one  of  the  first  gas  turbines  to 
achieve  successful  independent  operation,  giving  about  150  kW  in  1910 
(Ostarhild,  1933),  but  doing  so  at  a  low  efficiency.  A  good  account  of 
the  development  and  difficulties  during  the  whole  period,  culminating  in 
the  almost-accidental  switch  to  the  development  of  the  first  fully 
successful  industrial  constant-pressure  gas-turbine  engine,  is  given  by 
Seippel,  I960. 


Tne  Holzwarth  cycle  is  shown  In  figure  1.  The  compressor  discharges 
to  an  air  receiver,  acting  as  a  capacitor.  The  several  combustors  are 
valved,  with  a  rather  low-frequency  filling  and  firing  cycle,  and  they 
discharge  to  a  second  capacitor,  an  exhaust-gas  receiver.  The  purpose  of 
the  capacitors  was  to  produce  near- steady  flow  in  the  compressor  and 
turbine.  Although  quite  remarkable  engineering  advances  were  achieved 
during  the  history  of  the  Holzwarth  explosion  gas  turbine,  it  was  doomed 
by  tne  large  throttling  losses  in  the  valves  and  ducting,  and  by  the 
heat- transfer  losses  in  the  ducting  and  exhaust-9as  receiver  between  the 
combustion  system  and  the  turbine,  coupled  with  losses  associated  with 
the  need  for  scavenging  in  the  combustion  system  to  bring  in  the  new 
charge. 


Vandermeulen,  1932,  reviewed  the  Holzwarth  cycle  and  what  would  seem 
to  be  an  improvement  of  it  due  to  Karavodine  in  which  the  exhaust  valves 
and  exhaust-gas  receiver  are  eliminated,  figure  2.  Combustion  is 
therefore  not  strictly  constant  volume,  and  the  turbine  handles  unsteady 
flow.  He  also  examined  a  ratner  strange  combination  of  the  Holzwarth  and 
Karavodine  cycles  in  which  the  turbine  exhausts  to  a  receiver  which  in 
turn  exhausts  through  a  throttle.  He  tested  the  Karavodine  cycle  against 
the  constant-pressure  Urayton  cycle  in  a  test  rig  and  concluded  that  the 
losses  in  throttling,  "dead  space",  and  slow  and  Incomplete  combustion 
made  the  Karavodine  and  the  Holzwarth  cycles  unattractive  in  practice. 
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Reynst  (1955)  attempted  to  achieve  some  of  the  theoretical  benefits 
of  constant-volume  combustion  without  the  complications  and  losses  that 
accompany  valves  and  receivers  by  adding  fuel  periodically  to  a  toroidal 
vortex  oscillating  at  a  natural  frequency  in  an  appropriately  shaped 
combustion  chamber.  Stability,  range  of  operation  and  high  heat-transfer 
rates  to  the  walls  were  severe  problems;  1  do  no  know  what  was  the 
ultimate  reason  for  the  abandonment  of  this  program. 


DIFFUSION  AND  COMBUSTION  IN  PORT-ROTOR  SYSTEMS 


Diffusion  is  defined  as  the  conversion  of  dynamic  pressure  to  static 
pressure.  In  subsonic  flow  it  is  normally  considered  to  occur  in  a 
passage  of  increasing  cross-sectional  area.  Momentary  diffusion  also 
occurs  when  a  stagnation  tube  is  inserted  into  a  flowing  stream.  The 
flow  is  brought  to  rest  almost  isentropically  within  the  tube  if  the 
downstream  end  is  closed.  If  such  a  tube  were  capped  and  removed  from 
the  flow  it  would  contain  fluid  at  the  stagnation  pressure.  A  rotor 
containing  many  such  stagnation  tubes  that  can  be  exposed  to  the  flow 
through  ports  can  form  a  type  of  diffuser.  If  the  higher- pressure  fluid 
does  not  escape  through  leakage,  the  tubes  could  be  opened  through 
another  port  to  a  higher-pressure  region,  and  at  least  some  of  the 
trapped  flow  could  be  delivered. 


Tne  inertia  and  compressibility  of  the  fluid  forms  a  distributed 
spring-mass  system,  and  the  wave  action  can  produce  a  greater  degree  of 
both  filling  and  emptying  than  would  be  calculated  from  a  quasi-steady 
model . 


Because  the  fluid  is  momentarily  trapped  in  a  capped  tube  it  offers 
the  theoretical  possibility  of  permitting  constant-volume  heat  addition. 


This  type  of  diffuser-combustor  combination  was  proposed  by  Gustav 
Eichelberg  and  presented  by  Max  derchtold  of  the  CTH  in  1943  (figure  i). 
In  his  proposed  arrangement,  there  is  a  stationary  annulus  of 
diffusion-combustion  tubes  which  are  opened  to  compressor  delivery  and  to 
the  turbine  nozzles  at  appropriate  times  by  connected  rotating  disks 
acting  as  ports.  The  wave  diagram  is  shown  in  figure  4. 


A  simple  modification  of  this  proposal  1$  shown  in  figure  5.  In 
this  arrangement  the  diffusion-combustion  channels  rotate,  and  the 
compressor-delivery  flow  is  therefore  steady  in  space  and  reasonably 
steady  in  time.  Fuel  injection  is  from  the  upstream  end,  and  would  be 
aimed  at  producing  a  nea  -stoichiometric  mixture  at  the  upstream  end  of 
tne  channel.  Ignition  would  be  initiated  either  through  a  spark  or  by  a 
crossover  channel  communicating  with  the  combustion  zone  of  the  preceding 
channel.  The  combustion  pressure  rise  would  blow  flame  through  such  a 
channel  into  the  fuel-air  mixture  of  the  approaching  cnsnnel.  After 
ignition,  a  combustion  pressure  wave  would  travel  down  tne  channel 


through  the  compressed  air,  arriving  at  the  downstream  end  as  the  port 
opens,  reflecting  a  rarefaction  wave  that  would  arrive  back  at  the  inlet 
end  of  the  channel  as  the  inlet  port  opened. 


DISCUSSION 


The  rotor  under  discussion  is  neither  a  pressure  exchanger  nor  an 
engine,  because  the  processes  involve  just  one  stream  of  fluid,  and  there 
is  no  work  exchange  between  the  fluid  and  the  rotor.  The  more  usual 
proposals,  such  as  that  by  Seippel  (1945,  1949),  figure  o,  with  which  the 
proposals  of  Taussig,  1984,  are  related,  employ  a  dynamic  pressure 
exchanger  partly  as  a  means  of  carrying  out  combustion  at  a  considerably 
higher  pressure  than  that  of  compressor  delivery.  The  combustion  chamber 
can  therefore  be  much  smaller,  and  may  possibly  have  a  smaller  pressure 
drop. 


So  far  as  is  known,  no  hardware  for  either  type  of 
gas- turbine-engine  combustion  system  has  been  made  and  tested. 

Combustion  within  the  rotor  would  obviously  be  difficult.  The  apparent 
gains  are,  however,  large.  Perhaps  a  test  following  the  example  of  Von 
Ohain  would  be  desirable.  He  won  Heinkel's  approval  for  the  development 
of  his  first  jet  engine  by  demonstrating  a  crude  gas-generator  fueled  by 
hydrogen.  He  was  then  able  to  solve  the  difficult  problems  of 
liquid-fuel  combustion  in  relatively  easier  conditions. 


Pressure  leakage  is  a  major  problem  in  all  wave-rotor  systems.  The 
two-port  single-fluid  systems  have  the  possibility  of  using  closed-ended 
tubes,  so  that  fluid  is  brought  isentropically  to  rest,  heated  and 
compressed  by  combustion,  and  then  ported  out  of  the  upstream  end.  Some 
trapped  gas  would  presumably  remain,  acting  merely  as  a  spring.  Leakage 
would  be  halved,  and  the  mechanical  design  of  the  rotor  bearing  system 
might  be  simplified.  The  turbine  ducting  would,  however,  be  more 
complex. 


In  either  arrangement  the  turbine  flow  would  emerge  striated  in  a 
hot-cold  sequence.  If  such  a  pattern  persisted  through  the  turbine  the 
blading  would  experience  the  mean  temperature  because  neither  the  nozzle 
nor  the  rotor  blades  could  respond  to  the  high-frequency  changes  imposed* 
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FIGURE  3  CROSS-SECTION  OF  THE  EICHELBERG  ENGINE 
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This  presentation  Is  based  on  some  Ideas  and  results  developed  by 
the  author  In  1968-1975  during  his  work  In  the  USSR. 

The  development  of  heaters  capable  of  preheating  the  oxidizer  to 
temperatures  of  2000K  or  higher  Is  being  vigorously  pursued.  This 
presentation  reflects  the  study  of  direct  energy  exchange  between 
working  fluids  to  achieve  high  temperatures  with  existing  heater  materials. 

An  analytical  and  experimental  (single  tube)  Investigation  of  wave 
energy  exchanger  has  been  performed  to  determine  gas -dynamics  charac¬ 
teristics  of  this  device  and  to  optimize  the  Internal  efficiency  of 
direct  energy  transformation  for  nigh-temperature  air  preheating/ 
compression  In  power  generation  (MHD-qycle)  and  steel  production 
Industries. 

The  flow  within  the  tubes  of  the  energy  exchanger  was  modeled  us1(<g 
the  one-dimensional  unsteady  flow  equations  which  were  solved  numerically. 
The  internal  efficiency  of  the  device  and  the  outlet  temperature  of  the 
preheated  air  were  calculated  for  a  wide  range  of  boundary  conditions  and 
compared  with  experimental  results. 

The  new  power  cycles  of  NHD-power  plants  have  been  developed  utilizing 
“gas-air"  and  "alr-alr"  wave  energy  exchangers  for  high- temperature 
air  preheating.  Predicted  thermal  efficiency  of  these  cycles  approaches 
52-53  percent.  It  has  been  established  that  the  energy  exchanger 
could  operate  with  an  energy  transfer  efficiency  of  80-85  percent  and 
outlet  temperatures  over  2000°K. 

New  arrangements  of  energy  exchanger  application  have  been  also  developed 
and  analyzed  economically  for  Industrial  energy  systems  such  as  steel 
production  plants.  The  results  will  be  presented  at  the  meeting. 
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COMPARISON  OF  THE  WAVE-ROTOR-AUGMENTED  TO  THE 
OETONAT I ON-WAVE -AMGMENTE D  GAS  TURBINE 
BV  W.  ROSTAF INSKI 

NASA  LEWIS  RESEARCH  CENTER,  CLEVELAND,  OHIO 


Among  the  numerous  methods  proposed  to  Improve  the  SFC  of  small  gas  turbine 
engines,  the  use  of  burner-by-passlng  topping  stages  compares  very  favorably 
with  the  use  of  regenerators  and  ceramic  components. 

Actually  one  could  think  about  these  methods  supplementing  each  other  to  com¬ 
pound  the  benefits.  To  compound  the  difficulty  as  well -unfortunately. 

Two  augmented  gas  turbine  cycles  are  compared  and  discussed  In  this  paper. 

One  uses  a  wave  rotor,  the  other  a  detonation  wave  tube.  Both  allow  use  of 
much  higher  cycle  temperatures  than  otherwise  possible,  which  Improves  effi¬ 
ciency.  Also,  both  reduce  compressor  work,  further  enhancing  fuel  economy. 

The  two  cycles  also  share  uncertainties  connected  with  hardware  development. 

In  both  cases  the  analytical  models  are  well  understood  and  In  the  case  of  the 
wave  rotor,  a  working  prototype  Is  available.  However,  In  both  cases,  the 
feasillblty  and  performance  of  the  proposed  harware  must  be  demonstrated  by 
high-pressure,  hlgh-temperature,  long-duration  tests. 
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WAVE  ROTOR  RESEARCH  AND  TECHNOLOGY  WORKSHOP  -  MARCH  26-27,  198S 
NAVAL  POSTGRADUATE  SCHOOL  -  MONTEREY,  CALIFORNIA 
COMPARISON  OF  THE  WAVE-ROTOR-AUGMENTEO  TO  THE 
DETONATION-WAVE-AUGMENTED  GAS  TURBINE 
W>  ROSTAFINSKI,  NASA  LEWIS  RESEARCH  CENTER 


Considerable  effort,  both  analytical  and  In  hardware  development,  Is 
devoted  to  Improving  gas  turbine  cycle  performance  and  small  gas  turbine 
engines  In  particular.  To  decrease  engine  SFC  several  approaches  have  been 
proposed.  The  majority  of  them  rely  on  Increased  cycle  maximum  temperature; 
others  depend  on  better  utilization  of  burned  gas  enthalpy,  and  finally,  some 
other  solutions  use  power  boosting  devices  and  thrust  augmentation. 

These  various  methods  can  be  applied  one  by  one  or  combined  to  compound 
the  benefits.  Unfortunately,  practically  all  of  these  methods  are  still  In 
the  R&D  stage;  combining  them  may  lead  to  undesirable  situations:  during 
tests  poor  performance  of  one  of  the  new  methods  may  also  ruin  predicted 
Improvement  by  the  other  element;  consequently,  little  would  be  learned  from 
It  all.  A  step  by  step  approach  would  be  more  useful. 

In  most  of  the  cases  considered,  the  Improvement  Is  obtained  using  methods 
which,  by  the  Carnot  principle,  must  Increase  thermal  efficiency  of  a  cycle: 
that  Is,  using  higher  maximum  cycle  temperatures  or  lowering  the  exit  tempera¬ 
tures.  On  the  other  hand,  In  Brayton  cycles,  efficiency  Increases  with 
Increasing  pressure  ratios  but  small  blades  Impose  limits  to  PR. 

To  thermal  cycle  Improvements  belong:  the  proposed  use  of  ceramic  tur¬ 
bine  blades,  ceramic  engine  components  (uncooled  or  cooled),  use  of  a  heat 
exchanger,  and  cycle  modifications  In  which  a  part-flow  topping  stage  Is  used. 
As  mentioned  before,  use  of  each  of  these  methods  theoretically  leads  to  the 
decrease  of  SFC;  but  In  practice  It  all  depends  on  efficiencies  of  the  various 
components  and  their  mass  and  size.  Any  of  these  may  have  a  counter¬ 
productive  effect. 

The  use  of  ceramic  high  temperature  resisting  materials  In  gas  turbines  Is 
still  In  Its  Infancy.  Currently  tests  are  limited  to  automotive  gas  turbine 
applications  only.  The  methallurglcal  and  ceramic  Industries,  together  with 
cooled  blade  designers,  have  a  tough  job  on  their  hands.  Progress  In  those 
areas  Is  rather  slow. 

Because  of  sizeable  difficulties  In  application  of  exotic  materials,  an 
easier  solution  seems  to  be  to  Improve  the  gas  turbine  cycles  using  heat 
exchangers— to  adopt  cycles  with  regenerators.  Gas  turbines  so  equipped  exist 
now  In  automotive  applications.  In  aircraft  engine  application  they  might 
penalize  aircraft  performance  by  their  prohibitive  size  and  weight. 
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Now,  novel  and  promising  ways  to  reduce  SFC  consist  In  the  use  of  direct 
energy  transfer  between  burned  gas  and  combustion  air.  This  Is  obtained  using 
Intermittent  operation  devices.  They  allow: 

an  Increased  maximum  cycle  temperature  without  the  need  to  probe  Into 
the  difficult  field  of  ceramic  materials.  * 

reduce  the  need  for  compressor  work  which  Is  particularly  Important  In 
the  case  of  small  gas  turbines.  High  compressor  pressure  ratios  are 
out  of  the  question  In  such  applications  because  of  rapidly  decreasing 
blade  height  with  Increasing  pressure. 

Two  Intermittent-operation  part-flow  topping  cycles  will  be  compared  here¬ 
after  for  their  merits.  Calculations  have  been  done  on  two  such  cycles 
(highly  Idealized  for  ease  of  calculation),  and  In  the  process  several  general 
assumptions  have  beoa  adopted  In  both  cases. 

The  adopted  conditions  are:  a  1000  1b.  thrust,  engine  operating  at  N  » 
0.7S,  and  an  ambient  pressure  of  3.5  ps la. 

Besides  this,  the  Inlet  diffusers  and  exit  nozzles  have  no  losses;  the  gas 

temperature  at  HP  turbine  Inlet  Is  2500°R;  the  turbine  efficiencies  are  0.85; 
and  compressor  efficiencies  are  0.8. 

Given  these  conditions  calculations  procede  along  standard  thermodynamic 
lines.  The  first  cycle,  thus,  evaluated  Involves  a  wave  rotor  pressure 
exchanger.  This  cycle  Is  well-known.  Other  papers  gave  Its  thorough  descrip¬ 
tion.  The  analysis  Is  based  on  data  and  calculations  given  In  an  HSNW  (Mathe¬ 
matical  Sciences  Northwest,  Inc.)  report  entitled  "Investigation  of  Wave  Rotor 
Turbofans  for  Cruise  Missile  Engines,"  prepared  In  1983  for  DARPA  (R.  Taussig, 
principal  Investigator). 

The  second  cycle  relies  on: 

Intermittent  detonations  to  obtain  very  high  gas  temperatures  and 
pressures  of  part  of  flow  deviated  from  the  combustor 
an  expansion  chamber  to  reduce  pressure  to  levels  of  the  combustor 
flow 

-  a  mixing  chamber  In  which  very  high  velocity  flow  from  the  detona¬ 
tion  tube  must  be  mixed  with  the  combustor  flow. 

A  wave  rotor  pressure  exchanger  prototype  exists  (a  low  pressure,  low 
temperature  model),  and  In  the  past  such  a  rotor  has  been  built  and  was  suc¬ 
cessfully  tested  In  England.  In  the  case  of  a  detonation  augmented  cycle,  no 
detonation  device  nor  mixing  stage  have  been  ever  built.  The  detonation  wave 
augmented  gas  turbine  requires  some  description.  This  will  be  based  on  a 
paper  entitled  "Detonation  Wave  Augmentation  of  Gas  Turbines*  by  A.  Wortman, 
technical  director  of  ISTAR,  Inc.  of  Santa  Monica,  California  presented  at  the 
Twentieth  Joint  Propulsion  Conference  In  June  1984  In  Cincinnati,  Ohio. 
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In  the  system  using  a  detonation  wave  device,  the  flow  from  the  compressor 
Is  split  with  a  part  of  It  going  through  a  combustor  as  In  conventional  gas 
turbines  while  the  other  part  goes  through  an  array  of  detonation  ducts  where 
It  Is  processed  by  transverse  detonation  waves.  The  two  flows  are  mixed, 
passed  through  a  turbine  and  expanded  through  a  nozzle.  In  terms  of  the  basic 
mode  of  operation  the  system  acts  as  a  pure  turbojet,  but  extensions  to  turbo¬ 
fans  of  arbitrary  bypass  ratios  are  obvious.  Applications  of  the  proposed 
system  are  seen  primarily  In  the  field  of  relatively  Inexpensive  small  gas 
turbines  using  simple  centrifugal  compressors.  The  high  thrust  coefficients 
exhibited  In  the  model  performance  studies  suggest  applications  to  relatively 
small  unmanned  vehicles. 

A  detonation  wave  represents  an  essentially  constant  volume  heat  release 
and  has  been  considered  as  a  possible  means  of  compression  and  heat  release  In 
gas  turbines. 

The  model  for  the  system  considered  here  Is  the  air  standard  Humphrey 
cycle.  The  significance  of  the  benefits  associated  with  the  use  of  constant 
volume  heat  addition  may  be  gauged  by  observing  that  for  a  pressure  ratio  of  4 
and  y  *  1*4  the  efficiency  of  the  Brayton  cycle  Is  0.327  while  that  of  the 
Humphrey  cycle  with  T3/T?  =  2  Is  0.544.  An  alternative  way  of  viewing  the  two 

cycles  Is  to  note  that  for  T3/T2  =  2  and  i  *  1.4  the  Brayton  cycle  requires 

four  times  the  compression  ratio  of  the  Humphrey  cycle  to  match  Its  efficiency. 

Comparison  of  the  two  cycles  based  on  the  adopted  conditions  yields  the 
following  approximate  results: 


Wave  rotor  augmented  cycle 


Bypass  ratio 

3.9 

4.8 

5.9 

SFC 

0.63 

0.64 

0.66 

Detonation  auomented  cycle 

Combustor  flow  fraction 

0.2 

0.3 

0.4 

SFC 

0.61 

0.65 

0.76 

These  data  differ  from  values  given  In  the  above  mentioned  reports  because 
there  was  no  optimization  and  because  overly  optimistic  efficiencies  were 
adopted.  They  are  generally  lower  then  would  be  estimated  by  more  precise 
analysis. 

This  being  said,  It  should  suffice  to  notice  that  differences  In  SFC 
between  the  two  cycles  are  small  and  that  even  an  approximate  evaluation 
yields  very  comparable  results.  We  may,  therefore,  conclude  that  both  gas 
turbine  augmentation  systems  promise  significant  Improvements.  At  the  same 
time  both  systems  need  the  following  serious  hardware  R&D: 

a  wave  rotor  able  to  stand  very  high  temperature  and  pressures,  oscil¬ 
lating,  periodical  loads;  above  all,  It  must  not  admit  serious  leakage 
along  the  periphery  of  the  rotating  tubes  and  at  Inlet  parts. 
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a  detonation  chamber  to  be  developed  and  proof  obtained  that  sequenced 
detonation  Is  feasible.  Also  an  efficient  mixing  chamber  must  be 
designed. 

As  far  as  aerospace  applications  are  concerned,  the  two  systems  are  high 
risk,  high  reward  Initiatives. 


SMALL  ENGINE  TECHNOLOGY  BENEF 
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SCHEMATIC  REPRESENTATION  OF 
THE  WAVE  ROTOR  AUGMENTED  TURBOFAN  ENGINE 
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DETONATION  CHAMBER  FEASIBILITY  TEST  WITH  JP  FUELS 


Prof.  Max  Berchtold 
Swiss  Fedeial  Institute 
of  Technology 
Zurich,  Switzerland 


THE  COMPREX  AS  A  TOPPING  SPOOL 
IN  A  GAS  TURBINE  ENGINE 
FOR  CRUISE  MISSILE  PROPULSION 


Summary 


In  the  original  concept  Brown  Boveri  Company  (BBC)  built  and  tested  the  Com- 
prex  wave  rotor  principle  as  a  gasturbine  topping  cycle  45  years  ago.  The  power- 
output  of  the  wave  rotor  with  helical  blades  wa3  a  surplus  of  compressed  heated 
gas,  which  expanded  in  a  separate  turbine  to  the  pressure  level  of  the  Comprex 
exhaust.  The  high  compression-  and  expansion  efficiencies  obtained  almost  instantly, 
encouraged  BBC  to  desingn  and  construct  a  complete  gasturbine  engine  with  the 
Comprex  topping  cycle.  While  the  expected  performance  could  be  demonstrated, 
innumerable  problems  arose  both  in  the  gasturbine,  as  well  as  in  the  Comprex. 
BBC  decided  to  concentrate  their  effort  fist  to  the  gasturbine.  Improvements 
in  component  efficiencies  and  the  availability  of  metals  with  better  hightemperature 
strength  diminished  the  effort  to  the  development  of  the  Comprex.  Only  later, 
when  work  at  the  ITE  Company  in  Philadelphia  demonstrated  the  feasibility  of 
the  Comprex  as  a  Diesel  engine  supercharger,  BBC  as  a  manufacturer  of  superchar¬ 
gers  continued  the  ITE  project.  The  advantages  of  the  high  torque  in  the  full 
engine  operating  speed-range  together  with  the  instant  response  capability  made 
the  Comprex  the  ideal  vehicular  Diesel  engine  supercharger.  This  justified  the 
effort  BBC  has  put  into  this  development. 

In  the  mid  sixties  BBC  was  approached  by  Rolls-Royce  for  cooperation  in  the 
development  of  a  topping  wave  rotor  for  a  helicopter  gasturbine  engine.  BBC 
delegated  their  cooperation  in  this  joint  effort  to  my  laboratory.  We  proposed 
to  RR  a  different  cycle  than  BBC  used  in  their  GT  topping  cycle.  We  believed 
a  cycle  derived  from  the  supercharger  would  allow  a  more  practcel  artangement 
and  would  bring  almost  the  same  performance  gain,  it  was  decided  that  RR  would 
build  a  fully  intrumented  testrlg  to  verify  our  performence  prediction,  which  had 
been  based  on  previous  calibration  tests.  We  supplied  RR  with  an  existing  rotor 
and  gave  them  the  porting  geometry  for  our  cycle.  The  RR  tests  met  our  predic¬ 
tion  quite  closely.  The  design  department  in  the  meantime  came  up  with  a  proposal 
for  the  practical  realization.  The  project  then  was  terminated  as  RR  got  into 
financial  difficult  with  the  large  jet  engine  program. 

The  potential  of  this  engine  has  been  looked  again  at  the  initiative  of  DARPA 
a  few  years  ago,  when  the  various  engine  concepts  for  more  efficient  cruise  missile 
propulsion  was  evaluated.  The  results  of  the  BBC-RR  project  have  been  reassessed 
in  the  light  of  the  specific  requirements.  A  preliminary  study  showed  the  potential 
to  have  some  promise. 

The  cycle  will  briefly  be  explained  and  expected  performance  of  a  propsed 
engine  arrangement  will  be  discussed  at  the  worhshop. 


The  detailed  cycle  evaluation  of  the  BBC-RR  cycle  performed  by  the  method 
of  characteristics  is  shown  on  Fig.  1.  The  analysis  contains  the  effects  of 
heat  transfer,  partial  opening  as  well  as  leakage.  The  design  parameters  are 


pressure  ratio  (comparison  discharge  to  intake)  2.6 

temperature  ratio  (combustion  discharge  to  intake)  2.8 

isentropic  compression  efficiency  0.78 

isentropic  expansion  efficiency  *  0.78 

pressure  ratio  of  combustion  throttling  0.92 

pressure  ratio  (exhaust  static  to  intake  total)  1.10 

pressure  ratio  (exhaust  total  to  intake  total)  1.18 


These  performance  figures  have  been  met  by  theRolls  Royce  test.  The  velocity 
profile  at  the  exhaust-gas  exhaust  port  is  assumed  to  be  evened  out  to  an 
average  velocity  based  on  conservation  of  momentum.  This  assumption  leads  to 
the  total  pressure  ratio  of  1.18. 

Assuming  the  Rolls  Royce  Cycle  as  the  topping  cycle  of  the  Allison  Model 
250  Series  II  gas  turbine  engine  the  ehermal  efficiency  improves  from  21% 
(sfc.65  lb/H.P.hr)  to  26%  (sfc  .525)  the  power  output  goes  up  from  420  HP  to 
550HP.  The  reversed  flow  turbine  arrangement  of  the  Allison  engine  lends 
itself  favorably  to  the  Comprex  wave  rotor  topping  cycle.  On  a  cruise  missile 
engine  a  propeller  would  be  used. 

Studies  have  been  made  to  use  the  RR  wave  rotor  topping  cycle  in 
conjunction  with  a  less  sophisticated  gas  turbine  engine.  Aducted  fan  engine 
using  a  4:1  pressure  ration  radial  flow  compressor  at  a  cruise  Mach  number  of 
0.7  with  a  bypass  ratio  of  5:1  will  give  an  sfc  of  .95  lb/lb  hr  at  a  thrust  of 
3001b  (a  thrust  figure  specified  by  DARPA).  This  sfc  is  not  too  far  off  to 
the  sfc  of  the  P  &  W  JT  8D-17  of  .87  lb/lb  hr,  which  is  a  more  complicated 
design,  the  thermal  overall  thrust  power  efficiency  would  be  19%. 

Thermodynamic  cycle  discussion} 

The  original  BBC  wave  rotor  topping  cycle  is  presented  in  Fig,  2  is  the 
schematic  component  hookup,  whereas  Fig,  2b  is  the  temperature  entropy  plot. 
The  power  output  of  the  topping  cycle  is  produced  by  the  high  pressure  turbine 
B  in  Fig.  2a.  This  power  is  used  to  drive  the  turbocompressor  A.  The  total 
flow  then  expands  in  the  power  turbine  E,  This  power  represents  the  shaft 
power  abailable  to  drive  the  propeller  or  the  fan  respectively.  The 
disadvantage  of  this  cycle  is  the  relatlvelysaall  volume 

flow,  which  does  not  allow  a  high  turbine  efficiency.  Furthermore  it  is  not 
possible  to  use  the  full  temperature  potential.  The  turbine  inlet  temperature 
has  been  assumed  1000K  versus  1700K  at  the  Comprex  inlet.  A  proposed  engine 
arrangement  of  the  components  Is  shown  in  Fig.  3.  As  the  wave  rotor  is  of  the 
through  flow  arrangement,  It  can  be  operated  at  higher  gas  inlet  temperatures 
as  the  passages  are  exposed  at  both  ends  at  equal  time  Intervals  to  hot  and 
cold  gases. 

The  BBC-RR  wave  rotor  topping  cycle  in  contradistinction  has  no  high 
pressure  flow  bypass.  The  power  output  is  represented  by  a  higher  Comprex 
exhaust  pressure  over  the  Comprex  intake  air  pressure.  To  the  base  gasturbine 
cycle 
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cycle  this  appears  as  a  combustor  with  a  pressure  increase.  Even  though  the 
pressure  ratio  gain  in  intake-exhaust  pressure  is  only  1.18  versus  the 
pressure  ratio  loss  of  .05  in  a  normal  combustor  the  power  output  increases 
substantially.  Fig.  4  shows  the  BBC-RR  cycle,  where  Fig  4a  is  the  schematic 
component  hook  up  and  Fig.  4b  is  the  temperature  entropy  plot.  The  proposed 
component  arrangement  in  the  high  bypass  ducted  fan  engine  is  shown  in  Fig.  5. 
As  it  becomes  necessary  to  reduce  the  gasturbine  shaft  r.p.m.  to  the  propeller 
r.p.m.  a  friction  planetary  roller  system  is  being  applied.  Preliminary  tests 
with  such  systems  are  encouraging.  A  speed  reducer  for  a  small  output  gas 
turbine  engine  would  be  inexpensive  and  highly  reliable.  A  similar  drive  is 
visualized  to  control  the  speed  of  the  wave  rotor.  As  the  BBC-RR  cycle  is  the 
reversed  flow  type,  the  gas  intake  side  of  the  rotor  will  assume  a  higher 
temperature  than  the  gas  exhaust  side..  As  the  rotor  stress  level  is 
relatively  low  BBC  has  had  encouraging  results  with  ceramic  rotors.  They  will 
allow  the  assumed  wave  rotor  inlet  temperatures  of  1600R.  The  low  coefficient 
of  thermal  expansion  will  permit  operation  at  low  rotor-stator  clearances. 

It  should  be  kept  in  mind  that  the  results  presented  are  in  many  ways 
very  preliminary.  Cycle  optimization  with  todays  use  of  computorized  wave 
rotor  cycle  analysis  has  not  been  introduced  so  far.  Reliable  calibration  of 
test  results  and  cycles  analyzed  by  the  characteristics  method  indicate  a 
realistic  the  potential  of  the  BBC-RR  wave  rotore  topping  principle. 

1  hope  this  presentation  has  generated  the  interest  to  further  pressure  a 
development  effort  in  this  direction. 
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Kife.  4  a  Arrangement  of  coponents 


Fig.  4  1.  Tempera  ture-linir  op 


Component  r. : 

A  -  otK’  stage  r.»Jiul  flow  compressor 
|i  -  i wo  stupe  axial  flow  turbine 
C  -  reversed  flow  pressure  exchanger 
It  -  combustion  clumber 


FIG.  5  CRUISE  MISSILE  ENGINE 

Thrust  300  lbs  at  Mach  .7  sea  level,  sfc  .95  lbs/lbsthrust .hr 
Diameter  20  ",  Length  40  " 


WAVE  ROTOR  TURBOFAN  ENGINES  FOR  AIRCRAFT 
Robert  T.  Taussig 

Mathematical  Sciences  Northwest ,  Inc. 
2755  Northup  Way 
Bellevue,  Washington  98004 


ABSTRACT 


This  paper  describes  the  results  of  an  investigation 
of  an  advanced,  snail  turbine  engine  concept  which 
uses  a  pressure  exchanger  wave  rotor  as  the  high 
pressure,  high  temperature  compressor  and  expander 
stages,  this  work  Shows  that  thrust-specific  fuel 
consumption  in  the  range  of  0.68  to  0.75  can  be 
expected  from  engines  in  the  600  to  1000  lb  thrust 
category.  The  low  operating  temperatures  associated 
with  the  use  of  this  technology  will  obviate  the  need 
for  high  temperature  materials  development,  concepts 
for  integrating  the  wave  rotor  into  a  small  gas 
turbine .  engine,  computer  studies  of  wave  rotor 
configuration  and  performance  optimisation,  and 
overall  engine  performance  studies  and  projections  are 
described. 
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WAVE  ROTOR  TURBOFAN  ENGINES  FOR  AIRCRAFT 


RcVrt  T.  Taussig 

Mathematical  Sciences  Northwest,  Inc. 
2755  Northup  Way 
Bellevue,  Washington  98004 


Section  1 
DfTKXWCTXON 


1.1  SHALL  ATACRAT  DOTIES 

A  growing  market  for  business  jets,  helicopters, 
and  various  types  of  drones  has  stimulated  a  strong 
interest  in  small  turbofan  engines.  Competition  lb 
driving  this  starkc t  toward  higher  performance  engines. 
Mullen  and  Othling(1)  recently  reviewed  the  stetus  of 
small  aircraft  engines,  ngure  1-1,  taken  Croc,  their 
article,  compares  the  performance  for  existing  small 
turbofans  to  the  performance  anticipated  from  three 
separate  modes  of  engine  improvement .  These  include 
improvements  of  existing  engines,  the  development  of 
new  engines,  ar.d  revolutionary  engine  concept*  that 
require  more  research  and  developmmnt.  Improvements  of 
existing  engines  focus  on  higher  te^xrature  operation 
at  higher  engine  rpm;  this  is  the  least  costly  and  also 
the  most  limited  path  for  Increasing  engine 
efficiency.  Mew  engines  might  involve  the  use  of  new, 
state-of-the-art  materials,  such  as  oerastice  and 
carbon-coapositas,  plus  techniques  for  engine  cooling 
better  suited  to  small  engine  sites.  Figure  1-1  shows 
that  the  potential  for  isprovemsnt  via  this  path  is 
approximately  e  ’5  to  20%  decrease  in  thrust-specific 
fuel  consisoption  (TSFC ) . 

The  revolutionary  class  of  engines,  as  shewn  In 
Figure  1-1,  may  achieve  as  much  as  a  35%  decrease  in 
TSFC.  Four  advanced  cycles  have  been  considered  in 
this  context!  the  compound  cycle  turbo fan,  the 
eccentric  turbofan,  the  recuperative  turbo fan,  and  the 
wave  rotor  turbofan,  shown  schematically  in 
Figure  1-2.  Mhile  each  of  these  engines  is  based  on 
the  turbofan  ooncept ,  the  core  anginas  are  quits 
diffsrsnt.  The  overall  performance  will  benefit, 
priamrily  through  eora  engine  improvsments . 


Figure  1-1  Thrust-Specific  Fuel  Consumption  (TSFC) 
Improvement*  Available  Through  New  and 
Advanced  Engine  Development.  (Reference  1) 


1.2  ADVANCED  ENGINE  CICLES 

The  oompound  cycle  turbofan  uses  a  Dltsel  angina 
to  generate  gas  and  to  drive  an  upstream  compressor 
which  supercharges  ti>e  intake  air .  *  1  The  core  Diesel 
engine  operates  at  high  pressursc  and  It  very  corset. 
The  walls  of  the  pistons  are  cooled  by  the  intake  air 
and  by  a  cooling  jacket.  Exhauet  gases  expand  through 
a  power  turbine  that  drives  the  fan.  giving  it  the 
outward  appearance  of  a  conventional  turbofan  engine. 
W*e  cycle  efficiency  of  the  Diesel  engine  core  ie  quite 
high  so  that  the  overall  engine  efficiency  is 
improvod .  To  achieve  the  best  sfticisnciss  from  this' 
approach,  the  Diesel  cycle  peak  temperatures  and 
pressures  must  be  very  high,  requiring  advanced 
materials. 
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Advanced  Turbofan  Concepts  Compared  uo  a 
Conventional  Turbofan  (bettor,  f’.gjtel. 


l.i  he  wtve  iutok  Tunanw  ccbccpt 

Figure  1-J  portray*  *  conceptual  design  of  s  wave 
rotor  turbofan  with  the  high  pressure  **»v»  rotor  stage 
located  co-axial ly  with  the  other  rotating  components, 
the  wave  rotor  consists  of  many  ooepression  tubes 
surrounding  the  periphery  of  a  rotating  drum.  Bach  of 
these  tubrs  Is  periodically  filled  with  gas,  which  Is 
compressed  by  unsteady  wares  owe,-  part  of  the  rotor 
cycle  and  then  released  at  higher  pressure  to  drive  a 
high  pressure  turbine  and  to  supply  combustion  air. 
Pigure  -1-4  is  a  close-up  slew  of  the  wave  rotor 
component  with  the  positions  of  the  compression  and 
expansion  wavss  in  each  tube  shewn  -r;  darX  diagonal 
lines  is  posed  on  the  tube  rows,  t.nnsv  waves  propagate 
free  one  end  of  the  tube  to  the  oth'.t  as  the  tube  is 
rotated  through  one  oosplete  cyc*t  Vleweo  in  the 
laboratory  frame,  these  waves  appear  as  stationary, 
standing  waves  through  lrtiiCh  the  gas  flows  as  it  is 
ccetprssssd  cr  expanded.  In  this  cycle,  ait  free*  the 
coaipressoz  enters  tho  wave  rotor  «rt»ere  it  rises  to  the 
peaX  cycle  pressure.  Part  of  this  resulting  high 
pressure  air  stress*  is  heated  to  the  peaX  cycle 
te^jerxture  in  the  combustor  and  re-enters  the  wave 
rotor  to  carry  out  the  worX  of  compressing  the  inlet 
air.  “the  remainder  of  the  high  pressure  air  stream  is 


COKBVSTOR 


WAVE  ROTOR 

RADIAL  COMPRESSOR  ^ 
BYPISS  DL’CT  -V 


The  eccenti i*  turbofan  utilises  a  third  high 
pressure  spool  oriented  at  right  angles  to  the  engine 
axis.'31  Normally.  as  the  cycle  pressure  ratio 
increases  for  a  giver*  **»»•  flow,  the  spool  disaster  is 
reduced.  By  mounting  this  spool  independently,  its 
shaft  is  not  constrained  to  be  above  a  certain  disaster 
as  it  would  be  for  an  in-line  coaxial  shaft 
configuration .  Consequently,  this  approach  achieves  a 
high  component  efuciency  by  Xeeping  a  reasonably  long 
blade  lsngth  despite  its  high  pressure  operating 
regime.  The  high  preesure  spool  still  operate*  at 
elevated  temperatures  so  that  this  approach  will 
require  materials  development . 

The  recuperated  turbofan  is  acre  efficient  than 
an  unrecuperated  cycle  operating  at  the  same  peaX 
temperature/*'  The  recuperated  cycle  achieves  this 
increase  in  performance  at  a  lcMur  pressure  ratio, 
implying  that  the  blade  heights  of  the  highest  pressure 
stages  will  be  longer  and.  therefore,  have  a  higher 
component  efficiency.  X  tradeoff  claarly  exists 

between  added  surface  area  for  heat  trens'tr 

effectiveness  and  the  accompanying  pressure  drop  and 
increased  engine  weight  csoociated  with  the  added 
area.  This  tschniqus  still  requires  a  high  temperature 
turbine  stage  and  some  suiterials  development  in  this 
area  but  clearly  not  as  much  a-  is  required  for  the 
eccentric  turbine. 


^5§ll 


^  DUCT  POTCPS 

^  AXIAL  COMPRESSORS 
FRONT  FANS 

Figure  1-3  Artist's  Concertion  of  a  Wave  Rotor 
Turtofan  Engine 


Kith  many  tubes  opening  at  each  instant  or.to  a 
givsn  manifold,  the  batch  processes  occurring  in 
individual  tubes  are  converted  into  continuous  flow* 
within  the  manifolds.  The  principal  constraint  for 
steady  average  flow  in  the  stationary  smnifolds  is  wave 
system  periodicity;  that  ir,  the  wave  processes  must 
repeat  themselves  after  seme  Integral  fraction  of  a 
revolution.  Nave  rotors  with  steady  external  flow  can 
be  stated  with  conventional  steady  flow  machinery  and 
are  relatively  easy  to  analyse  in  the  fixed  frame  of 
the  manifold  coordinates.  Some  consideration  has  been 
given  Co  matching  aperiodic  wave  rotor  flow  eyateets  to 
unsteady  external  flow  systems  which  are  tuned  to  an 
optimal  operating  condition,  but  no  practical 
application  has  yet  resulted  for  such  combinations . 
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Figure  1-4  Superposition  of  Wave  Fronts 

(lettered  lines)  on  the  Tube  Row* 
of  a  Two-Cycle  Wave  Rotor. 


The  two  Min  dUNi  of  wave  rotors  arc: 

1.  Pressure  Exchangers,  trtiich  transfer 
work  flow  one  gas  stress  to  another 
via  unsteady  waves,  and 

2.  Wave  Rotor/Turbines,  which  extract 
shaft  power  free  Che  expanding  gas 
stress. 

Each  of  these  is  illustrated  schematically  in 

Figure  1-5.  Pressure  exchangers  have  undergone  the 

greatest  developeent  and  were  amongst  the  earliest 
concepts  patented.  By  uaing  unsteady  waves  to  transfer 
work,  the  compression  or  expansion  processes  are 

accoo^lished  at  the  speed  of  sound  or  slightly  faster, 
even  though  the  mechanical  parts  of  the  device  are 
moving  auch  slower  than  the  sound  speed.  Wo  change  in 
solid  body  inertia  is  required  for  it  to  respond 

quickly  to  *wwd  changes.  also,  since  the  gases  are 
being  cycled  in  and  out  each  tube  during  each  wave 
cycle,  cold  inlet  gases  as  well  as  hot  combustion  gases 
contact  the  tube  wails,  maintaining  thee  at  an 
intermediate  temperature.  Consequently,  the  rotor 
temperature  will  be  aubetsntially  lsss  than  the  peak 
temperature  of  any  oombustion  gases  used  to  drive  the 
rotor.  Ibis  feature  distinguishes  ths  pressure 
exchanger  in  a  very  useful  way  from  turbines,  idiich  are 
limited  to  lower  peak  cycle  temperatures  because  ths 
turbine  walls  are  continuously  exposed  to  the 
combustion  inlet  temperatures. 

Since  there  is  no  analog  to  turbine  blade  tip 
leakage  in  the  pressure  exchanger,  the  component 
efficiency  of  this  device  is  comparatively  high  for 
small  engines,  ror  the  seme  rmason,  the  wave  rotor 
need  not  have  a  small  shaft  disaster.  Therefore,  it 
can  be  mounted  either  coaxially  with  the  l<n*sr  pressure 
spools,  or  in  an  accentrlc  configuration  (aee 
Figure  1-Zb ) . 


Figure  1-5  Two  Main  Classes  of  Wave  Rotors 

*»  M«l, 


The  pressure  exchanger  compression  end  expansion 
processes  do  not  depend  on  the  aerodynamic  turning  of 
flow  found  in  turbines  and  compressors .  Therefore,  the 
wave  rotor  rotational  speed  does  not  have  to  match  the 
gas  velocity  as  it  leaves  the  rotor,  in  contrast  to  s 
turbine.  Since  the  gas  exit  velocity  depends  on  its 
temperature,  the  rotor  epeed  can  be  uncoupled  from  the 
peak  t  emperature  of  the  cycle  and  can  be  relatively 
slow.  This  fact  plus  cooler  wall  temperatures  relieves 
the  need  for  materials  development  to  achieve  a  higher 
cycle  efficiency. 

Wave  rotor/turbines  extract  shaft  power  from 
gases  expending  from  ths  rotor  in  addition  to 
performing  the  supercharging  function  of  the  pressure 
exchanger.  Shaft  power  is  obtained  by  changing  the 
direction  of  the  flow  in  the  ease  way  that  a  turbine 
does.  That  is,  the  wave  rotor/turbine  flow  tubes  are 
bent  or  helical  so  that  ths  direction  of  the  exiting 
flow  is  different  than  the  entering  flow.  Because  s 
turbine  must  spin  at  a  speed  commensurate  with  the 
velocity  of  the  flow  leaving  the  turbine  in  order  to 
attain  a  good  expansion  efficiency,  as  the  gas 
temperature  of  the  expanding  flow  increases,  the  flow 
velocity  Increases  and  so  does  the  turbine  speed.  This 
same  requirement  applies  to  ths  wsvs  rotor/turbine. 
Bence,  some  of  the  high  temperature  advantages 
associated  with  the  pressure  exchanger  do  not  apply  to 
this  type  of  wave  rotor.  That  Is,  in  order  for  this 
device  to  operate  efficiently,  it  also  must  operate  at 
high  tip  speeds,  in  contrast  to  the  pressure  exchanger 
where  all  of  the  work  trsnefer  Is  accomplished 
internally  at  the  local  gas  sound  speed.  This  would 
imply  that  the  wave  rotor/turbine  Is  restricted  to 
lower  peak  cycle  temperatures  than  the  pressure 
exchanger,  but  possibly  still  higher  than  conventional 
turbinas.  The  wave  rotor/turbine  doss  have  the 
distinction  of  producing  shaft  power,  where.' a  the 
pressure  exchanger  must  rely  on  an  additional  turbine 
component  to  extract  shaft  power.  A  more  coaiplete 
description  of  engines  based  on  thee#  two  concepts  is 
presented  in  Sections  5  and  7. 
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because  the  rotor  wall  tM^ntun  in 
•«ch  cam  Uu  M«4i«rt  mu  th#  Man  of  the 
combustion  yu  tsmperature  and  th#  cooler  intake  air 
temperature,  th*  wa*l  will  tran*f*r  h*at  from  th* 
hott*x  expanding  gun  to  th*  oool*r  compressing 
9***».  In  thi*  Mod*,  it  automatically  op*rat*a  lix*  a 
rtcupirttor .  If  recuperation  occur*  too  *arly  in  th* 
ooaapression  proc***,  it  will  result  in  an  *xtra  Mount 
of  work  r*quir*d  to  compress  th*  gas.  Bowevsr,  with 
some  r*latiw*ly  simple  addition*  to  th*  flow 
configuration,  it  can  b*  mad*  to  opsrat*  n*arly  a*  a 
simple  r*cup*rator,  giving  it  so—  of  th*  advantage*  of 
th*  recuperated  turbo fan  angin*. 

1.4  wave  koto*  txvtuMorr 


i.»  oumwtDiMc  TBcaHouxn  iasaa 

In  th*  P**t ,  a*v*ral  obstacles  hav*  lacked  th* 
progrnsr  of  w.,*#  rotor  technology .  The**  ob*tacl*. 
included  th*  problem  of  ocegxjtlng  unsteady  flow 
phenomena  in  th*  wav*  rotor,  th*  impact  of  un*t*ady 
flow  affect*  on  th*  efficiency  of  the  device,  and  the 
uncertainties  surrounding  th*  a*l*ction  of  th*  best 
wav*  rotor  device  configuration  for  a  particular 
application.  Th*  advent  of  modem  computational 
capabilities  in  unsteady  fluid  dynamics,  including  fast 
-  '®put*r»  and  accurate  teat  data  on  th*  flow  behavior 
*•<  th*  wava  rotor,  hav*  made  it  poaaibl*  to  understand 
•uch  phenomena  and  to  determine  th*  bast  device  for 
specific  application*. 


A  variety  of  wav*  rotor  device*  hav*  be«n 
developed,  *uch  ■■  the  Cosnprex/5*  which  1*  a 
commercially  available  supercharger  for  Diesel  angina* , 
and  research  rotors ,  auch  as  th*  energy  exchanger* 6  * 
and  the  wave/turbine  engine.*7*  Poa***  ha*  reviewed 
several  of  the  earliest  propulsion  applications, 
starting  in  the  1940s,  which  were  associated  with  the 
use  of  th*  Conprex  and  other  wave  rotor  concept* . 
Initially,  the  fluid  dynamics  of  the  Comprex  wax  not 
well  understood  and  it  was  rslatively  inefficient. 
Since  that  time,  this  concept  has  been  developed  a 


great  deal  by  the  Brown-Bo veri  company  for  application 

( 9 ) 

in  the  present  Diesel  engine  market. 


Have  rotor*  also  were  designed  to  supercharge 

aircraft  engines  in  order  to  allow  them  to  fly  at 

higher  altitudes.  Th*  wav*  rotor  technology  competed 

head-on  in  the  1950s  with  turbocompressor  technology. 

Jendraesik  developed  one  of  th*  first  concepts  for  wav* 

f  10 ) 

rotor  application  to  aircraft  engines.  Bis  work  was 
followed  by  several  attests  to  marry  the^reaaur* 
exchanger  technology  with  gas  turbine* .* 11 ’ 1  '  These 
concepts  utilised  the  wave  rotor  aa  a  high  pressure 
topping  stage  in  the  early  turbine  shaft  power 
devices . 


The  key  issues  today  focus  more  on  th* 
engineering  aspects  of  wave  rotor  technology  and 
include  problem  areas  such  as  the  moat  effective  way  to 
seal  th*  wave  rotor  against  excessive  leakage;  th*  beat 
support  MChaniams  for  th*  rotor  bearings  and  manifolds 
under  conditions  of  high  heat  transftr;  the  lapact  of 
tub#  design  on  cyclic  fatigue  limit*;  and  the  reduction 
of  aerodynamic  losses. 

Kjch  clearer  design  choices  are  available  now  for 
each  particular  wavs  rotor  application.  Vest  data 
still  are  required  for  sasall,  high  efficiency  wave 
rotors  operating  at  high  tesiperatur*  and  pressure* 
before  a  full-fledged  engine  development  can  be 
undertaken.  Bowever,  the  basic  seals  and  engine  design 
problem*  appear  to  be  within  the  limit*  of  th#  state  of 
the  art.  There  are  no  evident  obstacles  that  would 
prevent  thla  engine  from  achieving  it*  lightweight, 
high  efficiency  goals. 


•action  2 

wve  bottom  roe  aircraft  engines 


A  completely  different  approach  was  taken  by  2.2  snsanw 

Ronald  Pearson,  who  developed  on*  of  th*  first  versions 

of  the  wave  rotor/turbine,  a  device  which  formed  a  The  preceding  section  Introduced  the  concept  of  a 

complete  engine  by  lteelf  to  produce  shaft  power.  >  wave  rotor  turbofan.  Mow  the  viability  of  thla  ooncept 

General  Electric,  the  ITE  Circuit  Breaker  Company.'  '  must  b *  established  as  an  attractive  way  to  JU*>rov* 

and  th*  General  Power  Corporation  also  tried  to  aircraft  engine  performance.  Such  motivation  provide* 

develop  related  technologies .  Pearson1 e  was  the  moat  a  strong  Incentive  for  an  engine  development  program 

successful  of  theae  efrorta  aince  he  achieved  overall  which,  by  it*  very  nature,  could  be  an  expensive 

thermal  cycle  efficiencies  of  1S%  to  22%  for  hia  engine  undertaking  unless  the  intermediate  steps  to  a 

in  the  mid-1950s.  Thia  device  produced  up  to  near-term,  working  engine  are  recognised  at  the 

35  horsepower  and  ran  over  a  wide  rang*  of  operating  outset, 

conditions. 

The  following  paragraphs  address  the  basic 
As  a  reault  of  theae  efforts  nnd  because  of  reason*  why  a  wave  rotor  turbofan  can  improve  the 

recent  reeearch  carried  out^ under  the  auspice*  of  th*  efficiency  and  rang*  of  Mall  aircraft  operation  and 

U.S.  Department  of  Energy'  and  DARPA,  th#  wav#  can  provide  an  increase  in  their  maneuverability. 

has  advanced  to  th#  point  irfiere  it  can  Tttesa  arguments  are  quit*  general,  relying  on 

improve  th#  thruat-apecif ic  fuel  consumption  <TSPC)  of  funda—ntal  features  of  the  thermodynamic  cycles 

•*«n  aircraft  engine*  and  make  them  more  responsive  to  ccmmirnly  used  by  turbine  engines.  These  arguments 

th*  throttle.  lssd  logically  to  scaling  relations  that  show  what 


advantages  this  approach  night  have  for  larger  aircraft 
engines.  A  straight  forward  estimate  la  mad*  of  th# 
parcantaga  lrtcraaaa  In  angina  *ui  which  would 
accompany  th#  Increase  in  afficiancy  and  performance 
achiavad  with  tha  wava  rotor  approach.  Tha  raaulta 
ahc~  that  tha  gain  In  ranga  undar  normal  flying 
condition*  la  aoch  graatar  than  tha  negative  ij^act  of 
tha  addad  waight  of  ouch  an  angina.  that  la,  tha 
decree**  in  foal  mas*  for  a  given  ranga  la  much  largar 
than  tha  lncraaaa  In  angina  uaaa,  for  all  but  tha  wary 
shortaat  excursions . 

Tha  graatast  uncartaintioa  11a  In  the  lifetime 
and  reliability  of  tha  wave  rotor  ooaponant.  Surer 
knowledge  of  theae  character  lit  lea  Boat  oo—  fro* 
actual  angina  teat  data,  emphasising  tha  naed  for  early 
experiments!  evaluations  of  this  device  fro*  that 
standpoint .  Nave  rotor  technology  la  poised  for 

application  in  this  area.  It  needs  only  to  have  the 
decision  of  an  engine  manufacturer  to  gather  the 
critical,  available  technology  together  and  start  the 
process  of  component  and  angina  daaign  and  evaluation. 

2.2  EFFICIENCY  PCPAOVPCTTS 

The  basic  advantages  of  the  wave  rotor  approach 
axe  to  increase  the  efficiency  of  the  turbofan  angina 
by  allowing  it  to  operate  at  higher  peak  taeperaturea 
and  pressures.  Higher  pressures  nscesnarily  imply 
higher  tesgieraturea,  since  the  gas  saist  be  heated  by 
combustion  after  being  compressed  and  the  act  of 
compressing  the  gas  already  raises  its  temperature. 
The  ideal  efficiency  of  the  Brayton  cycls,  which  is  th* 
basic  thermodynamic  engine  cycle  of  th*  turbofan, 
depends  only  on  the  ratio  of  peak-to- inlet  pressures. 
When  real  components  are  introduced  Into  this 
calculation,  their  mechanical  efficiencies  affect  th* 
overall  cycle  efficiency;  th*  addition  of  aach  new 
component  successively  detracts  froei  the  ideal 
efficiency.  Therefore.  the  addition  of  th*  wav*  rotor 
component  must  eupply  enough  of  an  increase  in  the 
ideal  efficiency  of  this  cycle  to  overcoat*  the  impacts 
of  its  finite  component  efficiency.  Th*  effect  of  th* 
wave  rotor  efficiency  is  not  simply  a  multiplicative 
factors  times  the  cycle  efficiency,  because  th*  cycle 
can  still  make  use  of  the  work  available  in  the  exhaust 
stream  from  the  wve  rotor.  In  this  sense,  th*  wav* 
rotor  component  enjoys  the  privileged  position  of  a 
topping  cycle  and  can  be  somewhat  leas  efficient  than 
the  lower  pressure  components  whil*  still  au^wnting 
the  overall  cycle  efficiency.  These  argiaents  are 
quantified  in  Section  7.3  where  we  see  that  th*  wave 
rotor  efficiency  must  be  above  *404  for  it  to 
contribute  etrongly  to  th*  overall  cycle  afficiancy. 

2.3  CRUISING  RANGE 

The  range  equation  for  aircraft  can  be  stated 
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where  R  la  th*  dlatano*  traveled  (constant  flight 
velocity  u  la  assisasd),  tha  initial  mass  of  the 
aircraft  is  end  tha  final  mass  is  Hf  after  th*  fuel 
*•**  been  expanded .  The  thrust  specific  fuel 
ooneimption  (T5FC>  must  be  small  in  order  for  th*  rang* 
to  be  large;  similarly,  tha  lnitial-to-final  mass  ratio 
must  be  large  for  long-range  flight.  Together,  these 
two  requirements  argue  for  high  energy  fuel  per  pound, 
high  efficiency  engines  (low  TSFC),  and  lightweight 
engines. 


The  engine  mesa  contributes  approximately  30%  of 
the  residual  mass  represented  by  Nf.  By  taking  tha 
logarithmic  derivative  of  R,  we  can  axpresa  the  Impact 
of  relative  changes  in  both  TSFC  and  angina  mass, 
asaimu.-ri  all  crthar  variablas  are  fixed.  The  resulting 
equation  is 
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This  aquation  can  be  evaluated  for  small  aircraft  by 
substituting  typical  values  for  the  ansa  ratio  and  the 
TSFC. ( 18 }  For  example,  consider  N^/Mj  "  1.45.  Then  the 
relative  effect  of  an  increase  in  engine  mass  of  27%  is 
to  decrease  the  rang*  by  44  and  th*  relative  effect  of 
a  decrease  in  TSFC  of  30%  ie  to  increase  the  range  by 
10%.  Th*  relative  values  chosen  for  these  TSFC  changes 
correspond  to  calculations  in  Section  7  for  small  wave 
rotor  turbofan  anginas  in  th*  400  to  1000  lb.  thrust 
class. 


An  approximate  value  for  th*  increase  in  engine 
mass  can  be  obtained  by  assisting  that  th*  peak  cycle 
pressure  is  on  the  order  of  50  atmospheres.  This 
pressure  must  be  contained  within  two  concentric 
•hells.  The  outermost  shell  stands  off  a  pressure 
difference  of  25-1  •  24  atmospheres  and  th*  inner  one  a 
difference  of  35-25  -  10  atmospheres.  Both  shells 
together  oover  6  Inches  of  active  rotor  length, 
yielding  an  active  mas*  of  10  lbs.  This  value  must  be 
multiplied  by  a  factor  of  2  to  3  to  oovsr  the  bearings, 
manifolds,  and  high  pressure  oonbustor  shell  required 
for  this  cycle,  giving  a  combined  Increase  in  engine 
mass  of  30  lbs.  Assuming  an  initial  total  engine  maaa 
of  approximately  130  lbs.,  th*  relative  increase  will 
be  30/130  -  23%.  Osing  this  result  in  equation  shows 
that  the  peroentag*  decrease  in  the  rang*  will  be 
roughly  27%. 

even  if  th*  engine  mass  increase  estimate  is  low 
by  a  factor  of  2,  th*  implications  of  this  result  are 
■till  positive.  Of  eourse,  a  more  precise  calculation 
needs  to  be  carried  out  ono*  a  careful  wav*  rotor 
turbofan  engine  design  has  been  developed. 
Nevertheless,  we  can  proceed  with  confidence  that  th* 
engine  mess  increase  will  be  quit*  manageable  for  the 
■mall  engine  applications. 
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W>4  principal  advantage  of  th*  wav*  rotor  for 
transient  engine  op* rat  lor.  i*  to  incr ease  th*  ap*«d  of 
■  t*bl*  r**pona*  to  change*  in  th*  engine  flow 
condition*.  Normally,  when  an  aircraft  accelerates  too 
quickly,  th*  oo*>pr***or  op* rating  point*  nova  toward 
and  acroa*  th*  surge  lin«,  creating  compressor  stall. 
This  ph* non* non  1*  well  known  and  ultinataly  limit*  th* 
performance  of  th*  aircraft.  Compr**aor  stall  is  du* 
primarily  to  th*  fact  that  the  ccanbuator  response  time 
to  th*  throttl*  is  short  compared  to  th*  spin-up 
response  time  of  the  ocespreiior .  The  combustor 
pressure  rla«*  abruptly  under  such  circumstance*,  while 
the  compressor  continues  to  supply  air  at  a  lower 
pressure.  A  pressure  wave  propagates  from  the 
combustor  into  the  compressor,  stopping  the  flow  of  air 
to  the  combustor  and  disrupting  normal  operation  of  the 
engine.  When  this  process  proceeds  on  a  slower  time 
scale,  the  compressor  rotational  inertia  can  be 
overcome  so  that  its  speed  can  increase  enough  to 
supply  air  at  a  pressure  matchirjg  the  combustor  inlet 
conditions . 

The  wave  rotor  response  la  mediated  entirely  by 
pressure  waves.  Bence,  its  response  time  can  be  much 
faster  than  that  of  a  conventional  compressor.  When 
the  ccmbustor  pressure  increase  Is  registered  at  the 
exit  of  the  wave  rotor,  it  is  simultaneously  providing 
higher  pressure  combustion  gas  at  the  wave  rotor 
inlet.  Consequently,  the  re-entrant  duct 
characteristic  of  the  ooeibuator  automatically  provides 
the  higher  preaaure  needed  to  compress  the  intake  air 
up  to  the  proper  preaaure  level.  Response  times  are 
just  the  rotor  tube  length  divided  by  the  acoustic 
speed  of  the  gas.  Tor  the  email  engines  to  be 
considered  here,  these  time*  are  typically  on  the  order 
of  a  millisecond  or  less,  oompared  to  several  seconds 
or  more  for  *  compressor. 

As  s  consequence  of  this  advantsge.  s  wive  rotor 
turfcofan  engine  can  operate  such  closer  to  the 
compressor  stall  line  because  the  wave  rotor  reacts 
quickly  and  buffers  the  upstream  compressor  from  the 
combustor.  This  means  that  high  performance  engines 
can  be  upgraded  for  bettei  cruisa  conditions  and 
greater  engine  reliability  against  sudden  throttle 
changes  to  give  increased  maneuverability . 

2.5  SCALING 

Du*  to  the  relative  maturity  of  wave  rotor 
technology  in  relatively  small  sires  (eg.,  the  Ccmprex 
and  other  pressure  exchanger*).  the  moat  obvious 
near-term  application  ahould  be  to  stall  engine*.  A# 
we  have  discussed,  wave  rotor  efficiency  scales  well  to 
small  sites  <di#re  more  conventional  turbine— compressor 
performance  begins  to  deteriorate.  With  increased 
performance  as  a  market  driver  for  amall  turbofans,  the 
existing  wave  rotor  technology  oould  he  applied 
directly  to  existing  turbofans  to  achisve  good 


reductions  In  TSTC  without  a  large  increase  in  engine 
mas*,  lie  result,  for  a  variety  of  aircraft  engines, 
i*  an  increase  in  range,  maneuverability,  and 
reliability. 

As  engine  slae  increases,  the  Lammdlat* 
advantages  of  th*  wave  rotor  are  not  so  dramatic. 
Conventional  turbine  and  ooagn-eaaor  efficiencies  are 
quit*  good  and  turbine  oooling  is  already  a  highly 
developed  art  in  th*  larger  engines.  Re  response  tlse 
advantage  of  the  wav*  rotor  still  remains,  and  its 
component  efficiency  also  increases  with  sit*.  It  Is 
true  that  th*  wav*  rotor  will  always  be  able  to  oparats 
at  higher  peak  cycle  temperatures  than  th*  turbine,  but 
this  advantage  reaches  a  point  of  diminishing  returns 
and  is  ultimately  limited  by  fuel  Chemistry  ( i ,e . ,  the 
flame  temperature).  A  such  more  careful  evaluation  of 
wave  rotor  application  to  large  turbofan  engines  needs 
to  be  carried  out.  As  the  earlier  wave  rotor 
applications  to  smaller  engines  develop,  a  sharper 
identification  of  possible  large  engine  designs  and 
performance  will  emerge.  It  will  be  possible  in  this 
development  sequence  to  focus  on  intarmediate 
improvements  of  wave  rotors  that  will  make  the  large 
engine  applications  both  more  specific  and  more 
attractive. 


Section  3 

«RVZ  ROTOR  AKALT3I5 


3.1  nmccocncsr 

In  this  section,  the  component  efficiencies  of 
several  wav*  rotor  designs  are  svaluated  for  on-design 
and  off-design  operation.  The  designs  include  pressure 
exchanger  wave  rotors  and  wave  rotor/turbines.  Gas 
stream  properties  are  computed  for  each  of  the  inlet 
and  outlet  ports;  details  of  the  unsteady  on-rotor 
flows  axe  used  to  illustrate  the  underlying  phenomena 
which  produce  th*  port  flows.  A  range  of  key  design 
variables  has  been  used  to  determine  the  sensitivity  of 
wave  rotor  performance  to  these  variables. 

Work  transfer  efficiencies  in  the  range  of  70  to 
75  percent  appear  feasible  for  small  wave  rotors 
designed  for  th*  600  lbf  to  1000  lbf  thrust  engine 
class.  Off-design  performance  for  single  variable 
design  parameter  variation*  ia  very  dependent  on  the 
particular  parameter  being  varied.  Bowever,  off-deeign 
performance,  in  tdiich  several  parameters  vary  according 
to  actual  off-design  engine  operation,  appears  to  be 
very  good.  Tor  example,  in-flight  control  can  be 
exerted  over  rotor  tip  speed  to  accoemiodate  the  wave 
rotor  performance  to  the  off-design  changes  occurring 
in  engine-supplied  flow  parameters  (e.g.,  mass  flow, 
preaaure,  and  temperature).  Wave  rotor  wall 
temperature*  also  appear  to  be  quit*  acceptable  (i.e., 
in  th*  range  of  1700  to  H50*F)  for  combustion 
t**f*ratur*a  in  the  range  of  2500  to  3500*F. 
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The  chief  tool  for  analyzing  the  wave  rotor 
component  la  a  one-dimensional ,  unsteady  gasdynamic 
cowputav  oode,  called  the  MOW  coda.  which  wax 
developed  specifically  for  wava  rotor  analysis .  1 
TUM  ooda  calculations  ara  prasantad  in  this  saction 
for  wava  rotors  which  ara  purr  prassura  exchange  wave 
rotors.  Analytic  estimates  ara  providad  for  wave 
rotor/turblnes  which  produce  abaft  power.  The 
requiraaents  for  steady  inlet  and  outlet  flows  ara 
formulated  and  used  to  define  re alia tic  classes  of  wsva 
rotor  designs.  Specific  examples  ara  chosen  for 
evaluation.  Including  wave  rotor/tuibinss  such  as  the 
Pearson  rotor  and  the  CPC  wsva  rotor,  pressure  exchange 
wave  rotors  such  as  the  Rolls-Royce  wava  rotor,  and  a 
laodem  pressure  exchange  wave  rotor  designed  by  NSNW 
for  high  component  efficiency. 

the  examples  chosen  for  analysis  illustrate  why 
soma  of  the  earlier  efforts  were  unsuccessful  (and 
still  have  problems )  in  obtaining  good  performance  and 
why  other  designs  were  More  successful.  the  Modern 
pressure  exchange  wave  rotor  example  is  explored  in 
depth  to  determine  the  sensitivity  of  a  high  efficiency 
design  to  variations  in  design  and  operating 
parameters.  These  variations  correspond  to  either 
design  or  operating  tolerances  and  to  off-deaign  engine 
operation. 

The  flow  code  used  for  these  calculations  has 

been  vslidated  by  detailed  experimental  data  from 

(  19  ) 

KSNW  s  wave  rotor  experiewnti .  The  code  is 
described  in  More  detail  below,  but  Jt  should  be 
pointed  out  here  that  the  extension  of  this  code  to 
higher  temperature  and  higher  pressure  oonditions  still 
requires  additional  validation  by  a  hot  wave  rotor  tsat 
in  order  to  certify  its  predictive  capabilities  for  the 
cases  examined  in  this  report . 

Results  from  the  code  calculations  include  gas 
flow  conditions  for  all  of  the  inlet  and  outlet  ports 
on  the  rotor,  a  discussion  of  the  Main  wave  phenomena 
responsible  for  these  flows,  the  wave  rotor  ssirk 
transfer  and  ahaft  work  efficiencies,  depending  on  the 
type  of  rotor,  and  presentation  of  preliminary  siring 
and  operating  data  for  rotors.  The  sensitivity  of  wave 
rotor  performance  to  tap  speed,  port  placement  and 
size,  gas  inlet  and  outlet  conditions,  tube  sire, 
number  of  tubes,  leakage,  and  heat  transfer  has  been 
analyzed  for  on-design  oonditions.  Wav*  rotor  response 
to  off-deaign  engine  oonditions  for  lower  and  higher 
flight  speeds  also  has  been  Investigated.  The  effects 
of  heat  transfer,  viscosity,  impedance  Mismatching,  and 
gas  leakage  are  included  in  all  of  the  computations . 
These  results  also  arc  corroborated  with  analytic 
estimates  to  provide  a  More  intuitive  interpietation  of 
the  results. 


1.2  KE  now  CODE 


The  now  oode  uses  the  f lux-oorrected  transport 
algorithM  developed  by  Boris  and  Book,*0>  to  integrate 
the  following  one -dimensional  Euler  equations  of 
unsteady,  ooaprsaaible  gas  flowi 
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where  E  -  4  |  pu* 

As  Equations  [3-2)  and  [3-3)  show,  the  heat  transfer 
and  viscous  dreg  terms  are  baaed  on  a  developed  pipe 
flow  analysis  where  a  friction  factor  f  of 
approximately  2  x  10' (  has  been  used.  These 
calculated  unsteady  tube  flows  are  driven  by  the  flow 
conditions  prescribed  at  the  inlet  and  outlet 
Manifolds.  These  port  conditions  are  supplied  as 
boundary  values  to  the  TUM  code  for  each  successive 
time  step.  The  flow  pattern  in  a  single  tube  is 
cosputsd  as  a  function  of  time  for  several  sucoeasive 
complete  revolutions  of  the  rotor  until  the  solution 
repeats  each  previous  cycle  to  within  a  desired  level 
of  accuracy.  This  periodic  flow  constraint  is 
typically  achieved  within  three  oomplete  cycles  at 
which  point  the  flow  conditions  in  saeh  Manifold  axe 
accumulated  to  give  the  total  Mass  and  enthalpy  flows 

for  aach  Manifold  and  to  determine  averaged  flow 

properties  such  as  the  pressure,  temperature,  density, 
and  velocity.  In  cases  where  shaft  power  is  being 

produced.  the  rotor  tube  angles,  flow  velocity 
direction,  and  manifold  flow  angles  axe  used  to  compute 
the  tangential  momentum  of  the  gas  flowing  onto  and  off 
of  the  rotor  in  each  port:  the  sun  of  these  terms 
Multiplied  by  the  rotor  tip  speed  gives  the  net  shaft 
work  output  from  the  rotor.  The  work  transfer 

efficiency,  which  Measures  the  efficiency  of  pressure 
exchange  operation,  is  also  computed  from  the  ratio  of 
manifold  flow  conditions.  These  efficiencies  are 
defined  in  Section  3.4. 


1’igure  3-1  txxnpaxes  the  output  of  the  PLOW  code 
to  the  trace  of  a  pressure  transducer  mounted  near  the 
end  of  one  of  the  tubes  on  the  KSNW  wave  rotor.  The 
correspondence  between  the  code  and  the  experimental 
data  is  remarkably  good  for  a  wide  variety  of 
experimental  conditions  (see  Reference  19).  The  code 
also  predicts  the  measured  work  transfer  efficiency 
reasonably  well,  as  shown  in  Figure  3-2.  Subsequently, 
the  oode  was  used  for  a  preliminary  optimization  of  the 
K5NV  rotor  design  according  to  the  variation  in  port 
width  shown  in  rigure  3-3.  As  a  result  of  these  code 
calculations,  some  single  port  width  modifications  were 
made  in  the  test  rotor  which  led  to  an  improvement  very 
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Figure  3-3.  FLOW  Code  Optimization  of 

Work  Transfer  Efficiency  as 
a  Function  of  Port  Widths 
[Ref.  19] 
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Figure  3-4.  Experimental  Data  for  Work  Transfer 

Efficiency  Variation  with  Outlet  Port 
Pressure.  Dashed  line  indicates  experi¬ 
mental  verification  of  FLOV  code  optimiza¬ 
tion  [Ref.  19] 


The  FLOW  code  also  treat*  the  finite  tube  width 
opening  and  closing  transient*  which  create  their  own 
clas*  of  wave  disturbance*  in  the  wave  rotor.  These 
transients  may  involve  sonic  flow  condition*  when  the 
end  of  the  tube  is  partially  open.  The  leases 
associated  with  partially  open  tubes  are  also 
Incorporated  as  pressure  recovery  losses  in  order  to 
prescribe  the  tube  boundary  conditions  properly.  We 
follow  an  earlier  treatment  by  Spaulding'  for  these 
losses.  The  finite  wall  thickness  of  each  tube  also 
contributes  to  an  area  change  in  the  stream  tube 
dimension  i  we  assume  that  the  area  change  iw  gradual 
enough  due  to  streamlining  the  ends  of  each  tube  wall 
so  that  the  flow  transition  le  lien  tropic .  It  doe* 
result  in  flow  acceleration  (decal sration)  at  the  tube 
ends  for  inflow  (outflow)  snd  a  oox responding  change  in 
the  pressure  boundary  values  oos  Exited  in  the  flow 
code.  Incorporation  of  these  charge*  is  estimated  to 
contribute  to  as  much  as  a  14%  change  in  the  computed 
work  transfer  efficiency,  depending  on  the  solidity  of 
the  wave  rotor. 
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The  FLOW  oods  also  incorporates  a  finlt*  stagger 
aingla  for  ths  tubs#  which  allows  it  to  raprasant 
helical  Mva  rotoy  tuba  arrays.  An  additional 
Modification  parsdte  tha  usar  to  assign  two  staggar 
anglas  for  aach  tube  -  ona  on  tha  laft  and  ona  on  tha 
right  -  with  a  sharp  turn  in  tha  tuba  anglt  located 
naar  tha  right  hand  and  of  tha  tuba.  This  option  was 
davaloped  spacifically  to  allow  ra act ion  forces  to  be 
modeled  for  wavs  rotor/turbinaa  (a.g.,  tha  <S>C  and 
Pearson  rotors).  Manifold  flow  anglas  are  included  so 
that  impulsive  loading  of  tha  rotor  can  also  ba 
calculated)  that  is,  tha  flow  angle  of  gas  incident  on 
tha  rotor  May  result  in  tangential  gas  velocities  which 
are  diffarent  than  the  rotor  tip  spaed  reaulting  in 
worX  transfer  to  or  frost  tha  rotor.  Tha  combination  of 
impulsive  and  reactive  (i.a.,  mismatched  tangential 
Inflow  and  outflow)  effects  gives  a  oomplste 
characterisation  of  the  ehaft  power  being  produced  by 
such  a  rotor. 

Cases  with  and  without  heat  transfer  can  be 
computed  in  order  to  determine  the  magnitude  of  that 
affect.  Similarly,  the  tube  wall  temperature  can  be 
prescribed  so  that  the  amount  of  heat  transferred  to 
the  rctor  from  the  hot  gases  can  be  compared  to  Che 
asiount  transferred  from  the  rotor  to  the  cold  gases  ; 
equilibrium  wall  temperatures  require  these  two 
quantities  to  be  equal,  Mich  suggests  a  quick  trial 
and  error  technique  for  arriving  at  the  equilibrium 
wall  temperature.  Clearances  and  shroud  pressures  are 
also  prescribed  in  order  to  control  the  amount  of 
leakage  associated  with  a  given  calculation.  Tip 
speed,  number  and  cross-sectional  area  of  tubes,  and 
angular  tube  width  determine  the  basic  rotor 
dimensions.  The  angular  rotor  speed  thsn  embodies  the 
rotor  radius  once  the  tip  speed  la  giver.  The  stagger 
angle(s)  of  the  tubes  are  set  equal  to  aero  for  the 
pure  pressure  exchange  applications. 

3.3  BCXMDART  CONDITIONS 

'  low  properties  at  each  of  the  wave  rotor  ports 
are  supplied  to  the  PLOW  code  as  boundary  conditions  to 
the  unsteady  tube  flow.  These  boundary  conditions 
represent  compressor  outlet,  oombustor  inlet,  combustor 
outlet,  and  turbine  inlet  conditions  for  the  engine 
cycle.  Port  locations  and  widths  are  derived  from  an 
initial  analytic  calculation  involving  the  ideal  wave 
pattern  corresponding  to  the  external  flow  conditions. 
Generally,  the  stagnation  pressure  and  temperature  are 
prescribed  at  each  inlet  port  and  the  static  pressure 
is  given  at  the  outlet  ports.  At  each  step  in  the 
calculation,  the  cod*  determines  whsther  the 
anticipated  value  of  the  pressure  at  the  end  of  the 
tube  is  greater  or  less  than  the  static  pressure  in  the 
manifold .  This  comparison  determines  whether  the  flow 
must  go  In  or  out  of  the  tube.  Conditions  at  the  tube 
mesh  points  corresponding  to  the  ends  of  the  tubes  are 
calculated  iteratively  by  using  the  projection  of  the 
forward  or  backward  facing  characteristic  originating 
on  the  previous  time  step  from  the  tube  mesh  points 


located  one  spatial  point  In  from  the  ends.  An 
iterstivs  process  is  then  required  to  solve  for'  the 
boundary  mesh  point  conditions  using  a  technique 
described  by  Spaulding  for  wave  rotor  calculations 1 ^ 

This  technique  can  be  applied  to  partially  open 
tubes  as  well  as  fully  open  tubes  and  to  tubes  with 
finite  tube  Mil  thickness.  Plow  in  or  out  of 
partially  open  tubes  can  reach  sonic  conditions  Men 
the  opening  is-  very  email.  In  those  cases  Mere  the 
sonic  condition  is  detected,  the  sonic  flow  equations 
replace  the  subsonic  equations  in  the  calculations. 
Finite  tubs  Mil  widths  ara  treated  aa  laentropic 
converging  or  diverging  area  charges  in  a  quasi -steady 
flow  approximation  Mich  leads  to  slight  increases  or 
decreases  in  the  flow  velocities,  and  related  flaw 
variables  also  change. 

As  an  example,  consider  the  flow  equations  for 
fully  open  out  flew .  Figure  3-5  shows  a  rotor  tube  on 
the  left,  with  wsul  thickness  6  and  interior  width  d. 
Three  flow  stations  are  distinguished:  the  position  w 
Inside  the  tube,  the  position  th  in  the  throat  (i.e., 
at  the  very  end  of  the  tube),  and  the  position  e 
corresponding  to  the  external  manifold  flow.  As  the 
figure  shows,  the  flow  area  Changes  from  A^  in  the  tube 
to  A  .  the  equivalent  cross-sectional  area  of  the 
stream  tube  in  the  manifold;  the  ratio  of  these  two 
quantities,  ft,  is 

_  *e  ( d  0 )  cos  B 
A^  d  cos  fi 

Th#  squat ions  governing  the  Clow  from  the  tube  to 
the  manifold  are 

continuity 


p  A  u  m  p  A  u 

w  w  w  e  e  e 


(3-6) 


IDEAL  GAS  LAW 


p  A  a  p  A  * 
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ENERGY  CONSERVATION 


Z  w  w  2  e  e 
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RIDCANN  INVARIANT 
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isentadpic  conditions 
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where  0Q>  the  invariant,  !•  known  from  Umi  previous 

tin*  at vp.  Ths  unknowns  ere  u  ,  u  ,  a  ,  a  ,  p  ,  p  , 

w  a  w  *  v  *e 

and  pw.  These  aavan  equations  may  ba  reduced  to  the 
single  aquation  for  the  var labia  P^i 


Pw“  % 


1  4 


2S> 

T-l  T-l 

„  y  _  y 

p  -  p 

V  « 
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This  aquation  can  ba  solved  iteratively  in  tha  fora 
given  with  tha  initial  guess  of  P^-P^.  Jspliclt  in 
thia  formulation  ia  the  assumption  that  the 
transformation  of  coordinates  from  tha  rotor  frame  to 
the  laboratory  frsew  doea  not  affect  the  static 
praaaura  p^,  which  baa  been  assigned  as  tha  asternal 
boundary  condition . 


Fi-rjrc  Fully  Oyer.  Outflow  Condition  Showing 

Fotor  Tube  Geometry  and  Stream  Tube 
for  Flow  i r.  the  Exhaust  Manifold 


3.4  TRCJWDODmaCS  MID  BTICUHCIZS 


Two  efficiencies  are  used  to  describe  the 
performance  of  a  wave  rotor.  These  are  tho  work 
transfer  efficiency  vw.  and  the  shaft  power  output 
efficiency  or  ehaft  work  efficiency,  i)^.  These  are 
defined  aa 
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*d( out )  *d( in  ) 

"tH  in) 


[3-10] 
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represent  the  available  work  in  the  inlet  driver  gas, 
the  outlet  driven  gas ,  and  tha  inlet  driven  gaa, 
reipectively,  and  ia  th#  shaft  power  output  of  the 
wave  retort  a  »  (y~l)/r.  The  available  work  terms  are 
given  in  terms  of  a  reference  state  pressure i  that  ia, 
thasa  tv  raw  represent  the  work  that  could  be  obtained 
by  an  isantropic  expansion  to  that  pressure.  The  work 
transfer  efficiency  represents  the  change  in  the  driven 
gaa  available  work  compared  to  the  available  work  in 
the  driver  inlet  stream.  The  shaft  work  afflclency 
represent#  the  shaft  work  derived  from  the  rotor 
compared  to  the  ease  driver  gas  available  work. 
Therefore,  each  of  thase  afficianciea  is  a  ooaponent 
efficiency  which  equals  one  In  an  ideal  system  but 
which  is  modified  in  a  real  system  by  loss  terms  which 
irreversibly  use  up  the  available  energy  in  the  driver 
gaa  inlet  stream. 

bosses  which  reduce  the  work  transfer  Include 
entropy  production  in  shock  waves,  friction  loaaas  and 
heat  transfer  at  the  walls  of  the  tubes,  and  pressure 
recovery  losses .  Pressure  recovery  losses  occur  for 
partially  open  tube  inflow  where  an  abrupt  area  change 
exists  between  the  external  manifold  stream  tube 
draw  ns  ions  and  the  interior  tube  dimensions .  it  also 
occurs,  although  to  a  leaser  extent,  for  the  reverse 
situation  of  a  partially  open  tube  with  an  abrupt  area 
change  and  outflow  conditions.  The  qreatest  losses  are 
assisaed  to  occur  in  all  of  the  outflow  manifolds  where 
aero  pressure  recovery  is  assumed .  This  assumption  is 
very  conservative  since  it  should  be  possible  to  design 
the  manifolds  with  finite  subsonic  diffusers  and 
finite,  but  not  perfect,  pressure  recovery.  Thus,  the 
PLOW  calculations  presented  in  this  document  are 
strictly  conservative  in  this  respect. 

The  work  transfer  efficiency  ia  related  to  the 
more  conventional  expansion  (turbine)  and  compression 
(compressor)  adiabatic  efficiencies  used  by  engine 
designers.  Figure  3-4  shows  a  diagram  of  a  wave  rotor 
and  a  turbine  inside  a  dashed  box.  The 
enthalpy-entropy  etatea  corresponding  to  the  inlet  and 
outlet  flows  of  the  wave  rotor  and  the  turbine 
accompany  this  diagram.  Tha  net  work  output  from  the 
dashed  box  divided  by  the  available  work  of  expansion 
of  the  Inlet  gas  stream  to  this  box  is  equal  to  the 
work  transfer  efficiency  of  the  wave  rotor  when  the 
turbine  inside  the  box  has  an  efficiency  equal  to  1. 
Following  Thayer’s  derivation/15'  the  general 
expression  for  the  box  efficisncy  Is  given  by 
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13-12) 


the  partition  of  work  b*Cw*tn  shaft  power  end  internal 
work  transfer  without  specifying  the  ratio  T#/T  .  That 
le,  the  fraction  of  the  work  available  in  the  driver 
gaa  yhich  la  needed  to  oemprese  the  driven  gaa  la 


we  can  write  the  ocenbination  of  these  equations  as 
*4 


VN. 


11  bo*  “  aTj  Vcc  VTT  Vr  h4,-hj  ' 


ra-17] 


If  there  Is  no  leakage  (I.e..  m 3  ),  the  pressure 


proportional  to  a  portion  of  the  rest  of  the 

driver  gas  available  work  produces  shaft  work  output. 

Doing  the  definition  of  an  equivalent  adiabatic 
turbine  efficiency,  we  can  write 
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rf  we  consider  Td/T4s  to  toe  an  equivalent 

work  transfer  efficiency  under  theee  conditions,  then 


i)m  and  f)w  are  related  by 


*:ti 


ratios  V./fM  *•  P„/I>  ,  and  the  gases  are  perfect  with  .  ,  J 

5  4  3  4  Por  very  high  driver  gas  tasymratuxes  (i.e., 


constant  specific  heat  (i.e.,  h  -  c^T),  then 


i)t  tends  to  i)^.  as  one  would  aspect. 


[3-23] 
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for  the  case  of  a  perfect  turbine;  that  is,  l)w 
represents  the  component  efficiency  of  the  wave  rotor 
alone . 


•ihe  ahaft  work  efficiency  vm  also  can  be  written 
in  terms  of  more  conventional  oomponent  efficiencies  by 
recognizing  that  the  work  extracted  from  the  ehaft  la 
supplied  by  turning  the  gas  on  the  rotor  in  the  same 
way  that  a  turbine  does.  Detailed  calculations  of  the 
change  in  momentum  of  the  gaa  as  it  enters  and  leaves 
the  rotor  requires  all  of  the  rotor  manifold  flow 
conditions  (i.e.,  speed,  direction,  and  amount  of  mi-  J 
flow)  to  be  known.  The  thermodynamic  expression  of 
this  work  is  similar  to  Equation  [3-15]  with  a  shaft 
work  term  added; 


,(VM 


4  MVM 


[3-20] 


In  this  case,  internal  work  ia  also  being  transferred 
to  compress  the  incoming  air.  Unfortunately,  it  ia  not 
possible  to  give  a  completely  Independent  measure  of 
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Figure  3-6.  (a)  Wave  Rotor  and  Turbine  Combination 

(b)  Equivalent  Thermodynamic  States. 
Subscript  s  denotes  isentropic 
compression  or  expansion. 
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S*V*r*1  w*v*  wtor  configurations  for  .  pressure 

r^Z^i***  P°**lbl*  lnclu<Jlnfl  the  traditional  four 
port  atehlnM  triad  in  the  mid-fifties  by  Klapproth 
■rc.n-Bov.ri.  and  other.  as  well  „  * 

■•china  conoapt  davalopad  »r»  xaoantly  at  HSNW.  tha 
•wrliar  version, a  of  tha  praaaura  exchanger  suffered 
frc«  poor  scavenge  and  vary  nonuni  fora  flows  in  tha 
manifolds.  tha  nlna  port  design  specifically  raaolvas 
tha  problaaa  of  nonuni  font  port  flows  and  poor 
scavenging  by  requiring  that  thara  ba  no  waves  Incident 
on  any  port  othar  than  tha  relatively  snail  tuning 
ports  which  are  used  to  suppress  wave  reflections  In 
tha  tubas.  Both  four  and  nine  port  machinal  are 
examined  hare  in  order  to  illustrate  their  differences 
and  to  quantify  tha  advantages  embodied  in  tha  design 
of  tha  nine  port  machine,  a  nine  port  reference  case 
is  used  to  evaluate  tha  sensitivity  of  tha  pressure 
exchanger  performance  to  variations  in  its  design  and 
operating  parameters. 


4.2  NINE  PORT  ACTORS 


<n,#  tsfsrsnce  case  nine  port  pressure  exchanger 
design  corresponds  to  the  component  which  will  serve  as 
the  topping  stage  in  a  400  lb  thrust  turbofan  engine 
flying  at  Mach  0.65  at  sea  level.  With  a  bypass  ratio 
of  5.0.  the  total  mass  flow  of  air  through  the  engine 


1"  *°  V*6'  Wlth  •  rVc  of  this  flow  through  the 

T<2  rSTL"*  ~v#  ^ 

outlet  to  i”‘TsXrt"v*.lfK"  “  #t*  «  P" 

through  the  wave  rotor  mu.t  be  heated  IZ I  /  * 

o«to  the  rotor  in  order  to  provide  the  iTI 

"«  of  »>•  compressed  eir  can  be 
t-ated  UP  to  a  reasonable  turbine  inlet  teexmratur. 
(s.g..  by  recuperating  heat  fro.  the  outelde  or  the 
ooetouetor  can)  ahd  used  in  the  high  preeeure  turbine  to 
extract  “haft  work..  After  expansion  through  the 
turbine,  this  flow  is  then  raooablned  with  the 
ooetxslion  exhaust  gases  fro.  the  wave  rotor  at  the 
Input  to  the  low  pressure  turbine  (refer  to  Pigure  l-2d 
foi  xn  illustration  of  this  cycle).  The  nine  port  wave 
patter.'  la  shewn  in  Figure  4-1  using  pressure  contour 
lines,  the  rotor  tip  speed  is  15,240  cm/a  (500  ft/a), 
th#  rotor  disaster  le  14. •  cm,  and  lta  length  is  14.3 
«(#  reference  case  design  and  operating  value#  are 
arised  in  Tabla  4-1.  Figure  4-1  illustrates  the 
restive  port  locations  and  Bias,  contact  surfaces,  and 
fl«*  code  contour  plots  for  pressure.  Closely  spaced 
lines  in  Pigure  4-1  correspond  to  the  path 
taken  by  a  compression  wave.  Expansion  waves  are 
represented  by  a  fan  of  pressure  contour*  radiating 
from  the  upper  ports  in  Figure  4-1.  A  more  detailed 
discussion  of  wave  diagrams  is  presented  in 
Section  6.2. 


T3.«  reference  cart  work  transfer  efficiency  is  70 
percent.  A  variety  of  related  designs  (i.a.,  port 
widths,  port  positions,  rotor  diameter,  rotor  speed) 
operating  conditions  (i.e.,  driver  and  driven  gas 
flow  velocities,  pressures,  etc. )  have  been  considered 


RC34.  UKE  RC33  WITH 
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Driver  Outlet 

Output  Tuning 
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RC 34  .  LIKE  RC33  WITH 

0RIG.  DRIVER  PRES.  3  NOV  82 


PRESSURE 


Figure  4-1.  FLOW  Code  Results  for  Nine  Port  Pressure  Exchanger  Wave  Rotor:  Reference  Case 

showing  contact  surfaces  (left),  port  locations  and  relative  sizes,  and  pressure 
contours  (right). 
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in  orttt  to  find  way*  of  laproving  tha  op*  rat  ion  of 
tM*  caaa.  T.-mm  alternative  designs  would  require  a 
■°**  detailed  aval  nation  in  order  to  aaaaaa  ail  of 
thair  marita,  but  thay  do  aarva  to  point  th*  way  to 
baitar  daalgna.  Iwprovamant*  of  9  afficiancy  point*  to 
7)«  appaar  aaaily  obtainable  enough  minor 
modifications  of  th*  rafarano*  oonditions  and 
additional  optlatiaation  ahould  ba  poaaibla  through 
further  daaign  changaa.  Such  changaa  should  ba 
dlatinguishad  from  th*  more  arbitrary  daaign  and 
op* rating  variations  diacuaaad  balow,  which  ar*  uaad  to 
quantify  th*  sanaitivity  of  tha  rafaranca  cas* 
parformanca  to  its  oonatituant  para— tara . 


Table  4-1 

Dasign  and  Operating  Parameters  for 
Reference  Nine  Port  Pressure  Ej:changer  Wave  Rotor 


rua 

aoraa  ana  Manus 

DltMttt  <  C»  :  24  • 

Length  (Of  )  14.2 

TVib*  Width  (Or)  2.1 

Tub*  Wei)  Thick neat  (or)  0-i 

Tube  Weight  (  c*  )  1.2 

Tube  Wydreulic  Oiewttr  (or)  2.4 

Wilber  of  Tube*  >4 

WkMber  of  cyclet/Revolutione  2 

Tip  Speed  (av’MO  IS. >40 

*rv  1VM* 

Cloejsnce  (■*  )  0.12 


C WVMerOK.  OMDITHSB 


ro«h  Toe^ersture  [T0>  c  •*)  >>«0 

NiX  Treaejre  _  i»e;  >.»i 

S)  .  o 

Prteeure  Ratio  >.2 

A»t  Inlet  nui  Mo*  (g/»:ib/e]>  >400  (*.») 

Coobjetor  Nui  Mo*  (g/*;ib/e])  XSOC  (4  0) 

Oiiven  Cae  Kwhauit  Tewperatgr#  [T^j  ”K]  20*>? 

Dr  let?  Sa »  rxheuei  TOwperature  JT^j  *R) 

Driven  oia  Inlet  Teopereture  (Ttfl  *R)  T>4 

Driver  flat  Inlet  Teopereture  |TCJ  *1]  >>04 

We;;  Teopereture  [TM  *RJ  1>S0 

Work  Tranafer  efficiency  (%)  TO 


4.3  PEHTOfWCZ  SBOITTVZTf 

Th*  drivar  gaa  praaaura,  hast  transfar 
coafficlant,  and  claaranc*  war*  variad  In  ordar  to 
datarmin*  th*  wav*  rotor  performance  sanaitivity  to 
thaa*  para— tara  in  ita  oparation  and  daaign.  Thaaa 
variablta  ar*  ralatad  to  aatamal  duct  praaaura 
variation* ,  to  ha  at  tranafar  loaaaa,  and  to  leakage. 
Each  of  thasa  af fact*  has  baan  Judged  to  b*  critical  by 
•arl iar  rasaarchara  as  wall  aa  in  our  own  preliminary 
•atiMtaa  of  wave  rotor  parformanca.  Tha  —suits  of 
llnta*  non  coda  calculations  are  shown  in  rigura  4-2. 
whara  tha  vertical  axis  maasuraa  tha  percentage  change 
in  wort  tranafar  afficiancy  and  tha  horizontal  axia 
indicate*  tha  fractional  variation  balow  or  above  tha 
rafaranca  value  for  each  of  thaa*  three  variable*. 


Figure  4-2.  Sensitivity  of  Wave  Rotor  Wort  Transfer 
Efficiency  f|  to: 


Driver  Gas  Inlet  Pressure,  P^, 

D3 

Heat  Transfer  Coefficient,  f. 

heat  ; 

Leakage  (Clearance) .  6  , 

clear 

Shaded  regions  indicate  unacceptably  high 
sensitivity.  (Reference  case  freer.  Table  4-2) 


Tha  strongest  affects  occur  whan  the  praaaura  at 
tha  inlat  port  for  tha  combustion  gaa  la  artificially 
depressed  balow  tha  daaign  value.  Dndar  these 
oonditions,  tha  driven  gas  is  not  rawovad  ccanplataly 
from  tha  rotor  by  tha  time  a  tuba  passes  by  tha  exit 
port  for  this  gaa.  Because  of  thia  poor  scavenging, 
tha  drivar  gas  cannot  expand  fully  in  tha  time  allotted 
for  it  on  th*  rotor,  and  lass  wort  is  transferred  to 
tha  driven  gas  than  is  dasirad.  At  tha  other  extreme 
whan  tha  inlat  drivar  gas  prsssurs  is  higher  than 
design,  ovsrscavsnging  occurs,  which  results  in  axcaaa 
drivar  gaa  escaping  from  tha  driven  gaa  exit  port, 
thia  has  tha  i— adiata  effect  of  raising  tha  wort 
transfar  afficiancy  somewhat  at  tha  expanse  of  also 
raising  tha  ta^»aratura  of  tha  gas  mixture  now  exiting 
from  tha  driven  gas  port,  tha  temperature  of  tha  gas 
leaving  tha  driver  gas  ports  is  nacaaaari ly  lower. 
Generally  speaking,  tha  moat  uniform  parformanca  of  the 
wave  rotor  is  achieved  at  tha  rafaranca  manifold 
prassura  or  slightly  higher  (i.a.,  ova rscavangad 
oonditions),  a  dasign  strategy  that  is  relatively  easy 
to  follow. 

In  actual  angina  oparation,  independent  drivar 
gas  praaaura  variations  would  not  occur  bacausa  the 
driver  gaa  inlat  flow  is  linked  through  the  combustor 
to  the  driven  gas  outlet  port  praaaura  and  flow 
oonditions.  Therefore,  actual  of f-daaign  angina 
oparation  will  Impose  a  mixture  of  off-dasign  wave 
rotor  para— tar  values  that  vary  in  a  vary  structured 
way  compared  to  tha  single  para— tar  dasign 
— nsitivitias  being  diacuaaad  hara.  In  fact, 
off-dasign  angina  oonditions  result  in  off-dasign  wave 
rotor  parformanca  which  is  much  closer  to  ita  on-daaign 
performance,  as  will  ba  shown  in  Section  4.5. 

Variations  in  tha  work  transfar  afficiancy  also 
occur  whan  tha  haat  transfar  coefficient  and  tha  Mai 
claaranc*  controlling  gaa  leakage  ara  changed. 


304 


Figure  4-2  show*  ■  mild  affect  due  to  snhanoed  heat 
transfer,  The  reference  value  used  for  the  heat 
transfer  coefficient  oorreeponde  to  the  Reynold*  niatar 
for  the  mean  flow  velocities  In  the  tube,  clearly,  for 
slowwr  velocities  the  Reynolds  mseber  will  also  be 
smaller,  implying  a  larger  friction  factor,  however, 
the  total  heat  transfer  ten  also  depends  on  the 
velocity  to  the  first  power,  so  that  the  variations  in 
friction  factor  are  countered  by  this  velocity  factor. 
Perhape  the  moat  plausible  way  that  tbs  hast  tranafar 
■light  be  much  larger  chan  in  the  reference  case  would 
be  if  a  residual  turbulence  exists  in  the  tube  during 
parts  of  the  cycle  where  the  mean  flow  velocity  ie 
tero.  At  heat  transfer  levels  —slier  than  the 
reference  value.  the  heat  transfer  losses  are 
negligible  compared  to  other  losses  related  to  leakage, 
pressure  recovery,  etc. 

leakage,  long  reocxjmred  as  a  key  problem  for 
efficient  wave  rotor  operation,  has  a  slightly 
nonlinear  effect  on  the  work  transfer  efficiency  in  the 
vicinity  of  the  reference  case.  At  the  lowest  leakage 
levels  shown  in  rigure  4-2,  the  work  transfer 
efficiency  increases  by  4%  and,  at  the  highest  leakage 
levels  shown,  the  efficiency  declines  approximately 
7%.  Clearly,  the  leakage  swat  be  controlled,  and  the 
next  series  of  rotor  designs  and  teste  mist  address 
this  problem  directly  with  a  constructive  solution. 

4.4  CPTUaZATirvi  1TCBHIQCES 

Particular  variations  in  the  wave  rotor  design 
parameters  can  improve  the  reference  case  performance. 
Tot  example,  mismatches  between  wave  and  contact 
surface  arrival  times  and  port  locations  in  the 
reference  esse  can  be  used  to  suggest  the  direction  of 
design  adjustments.  The  wave  arrival  times  can  be 
adjusted  to  some  degree  by  varying  the  rotor  tip  speed, 
since  the  wave  speeds  and  rotor  speeds  depend  on  each 
other  once  the  length  of  the  rotor  has  been  chosen. 


This  approach  affects  mil  of  the  waves  it,  the - way 

and  ie  a  useful  solution  if  the  entire  wave  system  is 
not  yet  periodic. 

Another  way  of  adjusting  the  desig.i  la  to  move 
one  port  relative  to  the  others  to  better  intercept  the 
flow  of  a  particular  gaa  stream .  Such  adjust— nts  also 
affect  all  of  the  other  waves  in  the  system,  but  not  in 
the  same  way,  hence,  the  results  of  such  changes  are 
much  more  difficult  to  predict  without  first  analysing 
the  results  of  a  few  such  changes.  Port  widths  can  be 
changed  for  similar  affects.  It  is  possible  to  adjust 
the  air  inlet  and  driver  gas  outlet  pressures  (without 
necessarily  interfering  with  engine  applications)  to 
help  speed  or  retard  certain  waves  and  thereby  redirect 
the  flows  throughout  the  rotor  cycle.  These  techniques 
represent  gross  adjust— nts. 

A  finer  scale  of  modifications  relate  to  the 
behavior  of  the  tuning  ports,  the  tube  height,  width, 
length,  end  number  of  tubes,  and  rotor  radius.  Tuning 
ports  play  an  important  role  in  cancelling  unwanted 
waves  and  in  allowing  a  broad  performance  range-  in 
this  —rise,  they  are  important  for  — ir.taining 
performance  during  off-design  engine  operation,  which 
is  discussed  in  mors  detail  below.  The  number  of  tubes 
and  tube  sire  can  be  adjusted  to  oontrol  the  amount  of 
heat  transfer  by  changing  the  wall  surface  area  exposed 
to  a  given  mass  flow.  The  heat  transfer  also  effects 
the  wave  pattern  and  efficiency  of  the  device,  as 
treated  in  Section  3.  Lastly,  the  angular  speed  can  be 
varied  for  a  given  tip  speed  by  changing  the  rotor 
radius,-  for  a  given  number  of  tubes,  this  also  varies 
the  tube  wall  area  exposed  for  heat  transfer  as  well  as 
the  hydraulic  diaueter  of  the  tubes. 

Without  making  an  exhaustive  appraisal  of  these 
design  modifications,  a  few  cases  are  illustrated  in 
Figures  4-3  through  4-6  to  show  so—  of  the  possible 
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Figure  4-3.  Mine  Port  Pressure  Exchanger  Wave  Rotor  with  Overscavenged  Driven  Gas  Tlov 
Contact  surfaces  (left)  and  pressure  contours  (right). 
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Nine  Port  Pressure  Exchanger  Neve  Kotor  with  Altered  Ports: 
Contact  Surfaces  (left)  end  pressure  contours  (right). 
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Figure  4-1.  Off-Design  Performance  n  of  s  wave  rotor  corresponding  to  off-design  w*«e  rotor 
turbofan  engine  operation  at  various  flight  speeds.  The  utve  rotor  tip  speed  vT 
is  varied  as  shown,  relative  to  the  reference  value,  to  coMpensate  for  higher  or 
lower  mu  flows.  The  actual  wav#  rotor  Mas  flow  coopered  to  tM  stsss  flow 
required  by  the  off-design  engine  operation  is  indicated  by  V(*>Qp. 
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b*n#f 1 te  of  tnsae  techr  lquae .  in  mm  cmm,  such  as 
figure  4-1,  the  at (act  of  tha  chtn«a  la  to  lncraaaa  tha 
•Mount  of  overscavenge  relative  to  tha  reference  c ua 
•nd  in  that  way  istprove  )  ta  work  tr  ana  far  affldancy. 
In  figure  4-4,  tha  affact  of  decreasing  tha  nuabar  of 
tubes  and  decreasing  tha  haat  tranafai  araa  la 
count  a  ra<3  by  a  decrees*  in  tha  collection  affldancy, 
ao  that  tha  nat  affact  la  only  •  aaK.ll  lnrr— nt  in 
par  f  onaan  ca  a a  measured  by  tha  work  tranafar 
affldancy. 

Tha  conclusion  of  this  act  of  PTCW  calculations 
is  that  aoaM  vary  diract  tachniquas  for  rotor  design 
optimization  ara  available  via  tha  new  ooda.  These 
can  ba  systematized  in  order  to  obtain  tha  graataat 
design  payoffs  firot  followed  by  the  second  order 
ragirovaeienta,  once  tha  firat  echelon  have  been  put  into 
affect.  Also.  because  aavaral  different  approaches  can 
have  similar  affects  benefiting  tha  rotor  performance, 
there  .<■  considerable  choice  as  to  how  this  ia  done. 
Therefore,  other  more  preseing  deaigr.  considerations 
can  be  factored  into  the  optimisation  to  giva  some 
priority  to  the  deaign  modification*. 

4.5  OfT-UESIGN  FERfOnOMCE 

Off-design  rotor  performance  has  bean  eamputad 

from  the  now  code  by  assuming  that  the  flight  Kach 

number  has  been  changed  by  changing  the  fuel  flow 

conditions  to  the  engine  in  such  a  way  aa  to  keep  the 

coeibustant  temperature  constant.  Changes  in  flight 

spaed  ara  interpreted  as  percentages  above  or  below  the 

reference  case  Mach  II.  These  changee  ara  accompanied 

by  incraasaa  or  decrease#  in  tha  wave  rotor  port  mass 

flows,  pressures,  and  teeiparaturaa  with  resulting 

codifications  in  fuel  consumption  and  output  thrust  of 

the  engine,  me  have  considered  off-deeign  performance 

ranging  from  50  to  ISO  percent  of  tha  reference  flight 

Kach  number .  The  flow  conditions  required  of  tha  rotor 

and  the  combustor  have  bean  derived  from  tha  cycle  code 

calculations  diecuaaed  in  Section  2.  The  rotoi  flow 

condition#  have  been  recalculated  with  tha  fI13W  oode 

using  the  off-design  port  temperatures  and  preaaures 

required  by  the  cycle  code.  The  off-design  rUJW 

calculations  were  made  first  with  the  same  deaign  as 

the  reference  wave  rotor  (i.e.,  same  port  location]  and 

sizes)  and  sasw  tip  apeed.  The  resulting  mass  flows 

were  close  to  the  off-design  requirements  but,  with  a 

linear  change  in  rotor  tip  spaed  proportional  to  the 

flight  Kach  number,  a  much  batter  match  was  obtained  as 

illustrated  by  the  example  shown  in  Figure  4-4.  The 

result#  ahow  high  performance  maintained  (i.e., 

V  /(V  )  «  1)  for  the  wave  rotor  ovar  quits  a  wide 

v  w  ref  . 

range  of  flight  conditions  and  never  varying  by  more 

than  4%  from  the  reference  case. 

Changes  in  rotor  tip  apeed  and  fraction  of 
mmoressed  air  routed  through  the  combuetor  are  up  to 
the  designer's  discretion  nnd,  therefore,  comprise  the 
chief  avenues  for  maintaining  high  performance  at 
off-design  conditions.  One  might  also  consider 


variable  port  aiaea  by  having  movable  port  closure 
devioee  or  by  altering  the  flow  through  tuning  ports  •<- 
the  leading  and  trailing  edges  of  the  main  porta,  the 
former  technique  has  numerous  sealing  and  mechanical 
problems  associated  with  It,  but  the  latter  approach 
■caw  more  practical  for  the  lower  tgmperatwre  flows 
where  simple  valves  are  manageable.  ror  this 
discussion,  we  have  restricted  the  rptor  adjustments  to 
just  the  first  method  (rotor  tip  speed). 

Similar  •  off-deeign  calculations  were  made  in 
which  the  combustor  temperature  Is  varied  and  the  Mach 
ntabsr  is  held  constant.  As  the  oombustion  temperature 
is  dscreased  from  deaign  conditions,  the  acoustic  speed 
and,  hence,  the  typical  wave  speeds  on  the  rotor  are 
also  reduced  after  the  Inlet  compression  wave  has 
traversed  the  tube.  Thus,  the  rotor  tip  speed  should 
bo  reduced  accordingly  to  allow  for  the  longer  wave 
transit  time  in  the  tubs.  however,  the  driver  gas 
pressure  has  also  boon  reduced  at  the  same  time ,  so 
Chat  Isas  gas  actually  passes  through  the  driver  gas 
port  and  lass  work  of  expansion  is  available  in  this 
gas  for  oompreaaing  the  inlet  air.  This  decrease  in 
available  work  must  match  the  corresponding  change  in 
Inlet  air  flow  and  decreased  pressure  rise  requirements 
of  that  flow.  As  a  result  of  these  coupled  effects, 
the  Chang#  in  rotor  tip  speed  is  not  completely 
effective  In  matching  the  resulting  wave  pattern  to  the 
manifold  configuration  for  the  on-deeign  retort  the 
aaeunt  of  Inlet  air  Lnamsed  cn  through  the  coehuetor  la 
varied  in  order  to  help  compensate  for  these  effects 
and  to  increase  the  rotor  performance.  Again,  the 
performance  of  the  wave  rotor  remains  high  over  a  *50% 
variation  in  combustor  tsnperature  when  the  simple  wave 
rotor  control  strategy  just  described  is  applied. 

The  off-design  PU3W  code  results  illustrate  an 
important  feature  of  wave  rotors j  namaly.  that  they  can 
ba  operated  off-design  with  good  performance  and  that 
this  can  be  achieved  via  an  activs  control  system  which 
is  prog  tameable  in  advance  via  a  mechanical  or 
electronic  system  which  senses  flight  speed  and 
combustor  temperature  and  adjusts  the  rotor 
accordingly. 

Alternative  passive  control  approaches  also  exist 
which  include  the  plateau  nozzle  approach  used  by 
Pearson  in  hi#  rotor/7*  the  end-wall  "pockets" 
utilised  by  Brown-Bo vvri  in  their  Comp rsx/23*  and,  as 
mentioned  above,  variable  tuning  port  flows.  Each  of 
these  approaches  Merits  a  more  careful  evaluation 
before  deciding  on  the  best  design  approach.  The 
purpose  of  the  particular  calculations  which  haw  been 
discuseed  above  was  to  establish  that  at  least  one 
attractiw  approach  sxlsts  for  operating  the  rotor 
o'f-deaign  and  that  its  performance  is  calculable  owr 
the  whole  range  of  desirable  operating  conditions. 
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«.»  rcai  rair  men 

A  HMiit  of  cons iteration  Shows  that  a  four  port 
pressura  amehangar,  with  no  'poefcets*  or  othar  wava 
cancalling  devices,  automatically  involves  nonuniform 
lnlat  and  outlat  flowa  with  Mixing  (i.e.,  praaaura 
raoovary)  loaaaa  In  tha  manifolds;  that  la,  nraa 
traverse  tha  tubaa  and  raach  tha  anda  of  tha  tubea 
while  tha  tuba  la  atill  In  tha  middle  of  a  port.  Tha 
Main  raaaon  for  thla  la  that  tha  gaa  flowa  In  a 
four-port  daalgn  cannot  ba  Matched  with  alapla  wava 
regions  to  Halt  tha  cycle  periodic,  the  existence  of 
non-simple  wave  regions  in  tha  flow  guarantees  that 
waves  will  infringe  on  tha  port  openings. 

the  consequence  of  nonunifora  aanifold  flows  la  a 
nixing  loaa  in  the  kinetic  energy  available  at  tha 
outlet  ports  and,  hence,  a  loaa  of  stagnation 
praaaura.  this  la  Manifested  as  a  drop  In  tha  work 
transfer  efficiency  of  thia  class  of  rotora  relative  to 
the  efficiency  of  the  nine  port  devices.  A  aaapla  wave 
pattern  taken  from  a  PLOW  code  calculation  for  a 
configuration  alBilar  to  those  tasted  by  Rolls-ltoycr,  is 
shown  In  Figure  4-7.  A  sketch  of  tha  rotor  pl<ja 


Manifolds  la  shown  in  Figure  4-a.  in  thla  case,  three 
cycles  of  waves  ware  designed  for  one  revolution  of  the 
rotor  and,  hence,  the  wave  ary  a  tea  la  triply  fpriodici 
aach  part  of  this  triplet  la  identical  for  the  subgroup 
of  four  porta  ahewn.  thla  particular  aa.  of  flow 
conditions  resulted  in  a  rather  atrongly  underscavenged 
situation,  aa  Shewn  by  the  location  of  the  contact 
•urfacss  In  Figure  f-7,  and  a  work  transfer  efficiency 
of  approximately  40  percent,  representing  one  of  the 
lower  values  of  efficiency  for  thia  particular  deaign. 
Other  PLOW  calculations  corresponding  to  very  awe  11 
changes  in  outlet  driver  gaa  praaaura  resulted  in  large 
Motions  of  tha  oontact  surface,  changing  the  scavenging 
but  not  improving  tha  wave  rotor  efficiency  very  Much 
(only  a  few  percent ) .  Experimental  data  tor  thla  ease 
la  rather  scant,  but  it  appears  that  a  related  version 
of  thia  rotor  achieved  a  Measured  product  of 
ooapreaaion  and  expansion  efficiencies  of  61  percent 
for  the  flew  temperatures  and  velocities  used  in 
Figure  4-7. 
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Figure  4-7.  FLOW  Code  Contact  Surfaces  (left).  Ports,  and  Pressure  Contours  for  a 
Three  Cycle,  Four  Port/Cyclc  Pressure  Exchanger  Wave  Rotor. 


In  th#  simple  configuration  (or  th#  (our  port 
cycle  shown  in  rigur*  4-»,  it  would  appear  that  th* 
of f-deaign  performance  would  not  be  very  pood  slno#  th* 
predict *o  on-dealgn  efficiency  i»  ao  low.  The  ua*  of 
th*  remedies  discussed  (or  th*  off-design  performance 
of  th*  nin*  port  machine  could  also  b*  appliad  har* . 
Ho  datailad  calculation*  hava  been  wdt  to  confirm 
thair  *((*cti«*n*aa  (or  thla  wav*  rotor  configuration, 
and  on*  would  naad  to  do  that  bafor*  drawing  nor* 
dafinlt*  conclusion*  (or  thla  eaaa.  Th*  (our  port 
cyclaa  diacuaaad  har*  would  not  b*  appropriate  (or  uas 
aa  a  topping  cycl#  (or  tha  paaX  temperatures  and 
praaaura  ratioa  (i.a.,  2.5)  being  oonaidarad  in  thia 
a tody  ainc*  th*  hackwork  ratio  approach#*  1  (or  a  wav# 
rotor  component  afficiancy  on  th*  order  o(  *0%  or 
lower.  Thea*  Initial  cod#  prediction#  ar*  sufficiently 
low  that  othar  wav*  rotor  oon figuration#  offar  a  batter 
long-term  potential  than  tha  (our  port  aachina. 


Section  5 

WtVE  aOTOa/TURBIXE  FKRPCWWCZ 


5.1  scare 

Nave  rocor/turbina*  { thoae  wav*  rotor*  which  are 
intended  to  produce  ahaft  work. in  addition  to  praaaura 
t  exchange )  hav*  baan  invaatigatad  pravioualy  by  auch 
companies  aa  General  Electric,  Rust  on- Hornsby,  and  th# 
General  Power  Corporation . (1’ 14>  Thia  type  of  wave 
rotor  ia  generally  characterised  by  helical  tuba#  and 
kuaf  derive  ahaft  work  from  both  raactiv#  and  impulsive 
loading  of  the  rotor  tub*  walla,  in  vary  »jch  the  same 
vay  aa  an  ordinary  turbine  blade.  Hoat  of  thaa* 
device#  have  produced  a  disappointingly  small  aaount  of 


power  output,  with  th#  notable  exception  of  th#  Pearaon 
rotor  built  and  teatad  for  many  hundred*  of  hours  by 
th#  hr eton-Bomaby  Turbin*  Company.*7 *  both  th#  Pearson 
rotor  ary)  the  <ZPC  rotor  ar*  examined  har*  in  order  to 
oontraat  th*  two  approaches  to  wave  rotor /turbine*  and 
to  extract  thoae  deaign  elements  which  contribute  to 
th*  aucoeaa  of  th*  Pearson  rotor. 

B.a  rmnacma  or  crow 

'  The  wav*  rotor/tuxbine  acts  aa  a  combined 
ooepraasor  and  turbin*  which  produces  net  ahaft  power 
output.  Compression  ia  accomplished  by  wav*  action  as 
th*  high  temperature,  high  preesur*  combustion  gases 
expand  Sown  to  th*  lowest  pressure  on  the  device.  The 
Combustion  gases  also  supply  th*  *  nervy  to  produce 
Shaft  work.  In  soam  designs,  th*  shaft  Work  is 
produced  by  reactive  forces  aa  th*  oombustlon  gases 
leave  the  rotor.  In  other  case*,  th*  ooaipraased  air 
leaving  tha  rotor  may  provide  a  similar  reactive  force 
or  the  combustion  gases  may  be  vectored  impulsively 
back  onto  tha  rotor.  In  more  oomplex  systems,  seas*  of 
th*  gasas  exit  and  are  re-injected  back  onto  th*  rotor 
at  a  different  place  In  th*  cycl*  without  any  external 
reprocessing)  th*  angle  of  injection  provide*  impulaiv* 
thrust  to  tha  rotor. 

Shaft  work  extraction  from  a  wave  rotor/turbine 
ia  most  sffsctiv*  if  it  is  takan  from  low  presaur* 
scavang*  gas  stream*  or  high  pressor*  gasas  flowing  to 
or  from  th*  combustor.  Since  th*  low  praaaura  acavange 
ia  being  driven  by  th*  compressor,  it  make*  little 
sens*  to  extract  Shaft  power  from  th*  gas  taken  off  of 
th#  rotor  during  this  transition;  that  would  only 
increase  th*  vork  irttich  must  be  provided  to  the 
compressor.  As  we  discussed  above,  work  cannot 
realistically  be  extracted  from  that  fraction  of  the 
ooapressed  air  leaving  th*  rotor  on  the  way  to  the 
combustor  or  from  th*  combustion  gases  aa  they  enter 
th#  rotor;  th*  former  stream  needs  all  of  th#  pressure 
it  can  retain  to  flow  through  th*  coabustor,  and  the 
latter  stream  must  retain  its  available  work  to 
cospresa  the  inlet  air.  Therefore,  th#  most  effsctive 
way  to  produce  shaft  work  reliss  on  th*  fact  that  more 
compressed  air  is  produced  than  is  actually  needed  as 
eoabustion  gasas  to  drivs  th*  ooaysression  processes. 
Th#  extra  ccepreaasd  air  can  be  re— injected  onto  th* 
rotor  to  produce  impulsive  forces  if  th*  point  of 
re-injsction  occurs  at  a  part  of  th#  wav#  cycle  where 
th*  tub*  pressures  ar*  lower  than  th*  compressed  air 
pressure.  This  third  process  involvs#  a  re-entrant 
flow  and  is  on*  of  the  principal  reasons  for  the 
success  of  th*  Pearson  wav*  rotor/turbin*  design. 

It  also  is  clear  that  wav#  rotors  with 
substantial  changes  in  th*  tub*  stagger  angle  from  one 
side  of  th*  rotor  to  th*  other  will  produce  large 
reactive  forces.  This  implies  that  all  of  th*  exhaust 
flows  from  such  a  rotor  suffer  substantial  stagnation 
pressure  losses  just  as  that  fraction  of  shaft  work  is 
being  extracted  from  th*  flow.  Prom  th*  foregoing 
discussion,  this  approach  appears  to  be  doomed  to 
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failure  alnca  it  causes  an  increase  In  the  covtaiior 
wort  required  to  oomplet*  the  1cm  preaaure  sesveng*  and 
deplete*  the  at agnation  preaaure  rlee  needed  to  force 
the  compressed  air  through  the  oombustor  and  bach  onto 
the  rotor.  Therefore.  the  Boat  efficient  production  of 
•haft  wort  on  wave  rotor/turbine*  appear*  to  be  from 
impulsive  loading,  aa  deacribed  above. 


s.j  tine  routacH  koto* 


Several  feature*  of  the  Pearson  wave 
rotor/turbine  are  unique  to  the  procea*  of  aha ft  wort 
production.  Additional  technique*  also  have  been 
developed  to  ataXe  thle  rotor  perfora  well  over  a  broad 
range  of  operating  oondltiona.  When  gas  la  exhausted 
f  row  a  caaberad  tube  and  reactive  ehaft  wort  la 
produced,  the  gaa  cannot  be  re-introduced  onto  the 
rotor  until  the  gaa  remaining  in  the  tube  has  undergone 
sufficient  additional  axpanaion  to  reduce  the  tube 
pressure  to  the  pressure  in  the  re-entrant  loop,  Thus, 
an  extra  exhaust  expansion  is  needed;  that  la,  the 
exhaust  port  is  divided  In  two  with  the  higher  preaaure 
portion  :r*-inj*ct*d  after  the  lower  pressure  exhaust 
has  brought  th*  tube  pressure  down  to  tha  appropriate 
level,  this  explains  th*  presence  of  ports  and  LQ1 
on  the  right  aide  of  Figure  5-1,  where  tha  flow  from 
Pj^  re -enter*  th*  rotor  through  port  P^. 


ecu  iwluc 
n*  rjr 


Figure  5-1.  Ideal  Wave  Diagram  for  a  Wave  Rotor/Turbine 
Constructed  from  State,  Pole,  and  Position 
Diagrams  (Ref.  7). 


Feature*  which  laprove  the  rotor* a  off-daaign 
performance  include  the  use  of  tuning  ports  much.  like 
thoee  used  in  the  pressure  exchanger  (e.g,,  PH  In 
Figure  5-1),  which  are  placed  at  the  leading  edge  of  «n 
inlet  port  to  help  suppress  the  production  of  tube 
opening  losses  tSifch  occur  from  tube  exposure  to  s 
sudden  increase  of  pressure.  Pearson  also  has 
introduced  injection  noulei  across  th*  opening  of 
entrance  manifold*  (e.g.,  nt  in  Figure  5-1)  in  order  to 
exactly  cancel  tie  oowpreaaion  wave  which  reflects  back 
through  the  tube  to  the  entranoe  manifold.  normally 
this  M«t  can  be  designed  to  reach  tha  end  of  the  tube 
Just  as  the  tuba  reaches  the  trailing  adge  of  the 
manifold  and  is  closed  off.  But,  during  off-design 
operation,  the  reflected  wave  may  reach  the  manifold 
before  this  time  and  cause  a  serious  disruption  of  the 
incoming  flew.  thle  nozzle  design  employs  a 
•half-wave-  plateau  technique  of  pressurization  where 
th*  tub*  pressure  la  raised  In  two  equal  segpenta  as  a 
result  of  the  flow  acceleration  through  the  nozzles, 
th*  final  preaaur*  rlae  just  equals  the  stagnation 
preaaure  in  th*  nozzle  flow  so  that  no  wave  is 
reflected  at  tha  tube -manifold  lntsrface. 

Pockets  along  tha  and  wall  of  the  rotor  also  help 
to  suppress  wavs  reflection  for  a  variety  of  operating 
conditions  for  s  single  rotor  design,  the  gas  leaving 
tha  and  of  s  tube  as  it  moves  into  confluence  with  one 
of  these  pockets  is  accelerated  by  the  shape  of  the 
pocket  and  re-enter*  th*  tube  at  a  higher  velocity  and 
at  a  different  angle  as  the  tubs  reaches  the  trailing 
edge  of  the  pocket.  If  a  rarefaction  wave  also  la 
Incident  on  the  asms  and  of  the  tube  as  it  moves  from 
the  beginning  to  the  end  of  the  pocket,  this  wave  will 
not  be  reflected  with  full  strength  because  of  the 
re-entering  flow  from  th*  pocket.  Thu*,  the  pockets 
can  manage  waves  over  the  full  rang*  of  operating 
conditions  for  idiich  the  wavs  is  incident  on  the 
pocket. 


5.4  m  CPC  BDIOR 


The  General  Power  Corporation  (CPC)  wavs  rotor 
turbine  differs  in  several  significant  respects  from 
the  Pearson  rotor. ^ ^  The  CPC  rotor  employ*  a  sharp 
bend  in  the  tubs  «dilch  constricts  th*  flow  area 
considerably  and  acts  like  a  nozzle  to  accelerate  the 
flow  at  a  sharp  angle  as  it  leaves  the  rotor.  In  their 
approach,  all  of  the  shaft  power  appears  to  be 
extracted  from  reaction  forces.  Zn  oontrast,  the 
Pearson  rotor  uses  only  s  mild  bend  in  the  tubes  to 
extract  a  small  amount  of  reactive  power;  most  of  the 
shaft  power  is  extracted  through  Impulsive  loading  of 
the  rotor  blades.  Also,  the  CPC  rotor  does  not  appear 
to  use  any  technique  to  cancel  or  control  reflected 
waves  required  to  make  tha  vmve  system  periodic  in  one 
revolution  of  the  rotor.  As  such,  it  also  has  no 
controls  to  maintain  performance  for  off-dssiga 
operating  conditions. 
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®**  **w*  41*9tw  ehown  in  Fifun  5—2  incorporates 
th«  Min  mvi  phenomena  found  on  the  OPC  rotor.  ibc 
rotor  tub**  have  *  stagger  ang  1*  of  approxiMtely  45* 
relative  to  tha  rotor  axl*.  1T>*  sharp  band  in  the 
rotor  angle  occurs  on  tha  right  hand  a  Ida  in 
Figure  5-2 1  tha  bant  portion  of  tha  tuba  is  so  short 
that  it  is  not  shown  in  this  figure.  Instead,  tha  band 
Mnifasts  ltsalf  in  tha  wav*  diagraa  by  raflacting 
incidant  waves  and  by  altering  tha  angle  and  velocity 
of  gas  leaving  tha  rotor  on  tha  right.  leaves 
separating  regions  1,  2,  3,  4.  5,  and  5  and  denoted  by 
double  Unas  are  compression  waves.  Thee*  waves 
compress  the  incoming  air  and  prepare  it  for  ontaring 
the  ooabuation  chaabar  at  station  4.  The  ooabustion 
gas  antsring  at  5  ooaplstes  the  compression  but  only 
releases  part  of  the  available  work  in  the  high 
pressure  gas;  the  remainder  la  extracted,  in  theory, 
fro*  tha  ear  lea  of  expansions  occurring  f  rest  atata  7 
through  state  15.  the  OPC  rotor  rv- injects  flow 
Isaving  fro*  regions  •  and  10  onto  tha  rotor  at 
atation  11  to  complete  the  expansion  process. 


5,s  iwarnuc 

Analytical  estimates  as  wall  as  actual 
experimental  data  on  wava  rotor/ turbine  performance  are 
available.  The  analytic  estimate*  can  be  carried  out 
on  the  basis  of  Pearson’s  or  BC’t  wavs  diagraM,  and 
the  empirical  data  ormes  fro*  tha  taste  carried  out  by 
feiaton-Bomaby  on  tha  Paaraon  rotor  in  tha  l«50s. 

It  is  possible  to  consider  tha  shaft  work 
efficiency  of  tha  wave  rotor/turbine  as  if  it  war*  a 
conventional  turbine  and  a  conventional  compressor 
working  in  tends*,  lb  us,  we  My  substitute  adiabatic 
turbine  and  compressor  efficiencies  for  the  values  of 
’JyE  •"d  in  the  expression  for  t>  taken  from 
Equation  [3-22] .  That  ia. 


.592  - 


4, a  1 

t.  .as 


-  .992  -  1.06 


In  trying  to  reconstruct  a  plausible  wav*  diagraa 
for  the  GPC  machine ,  several  problems  were 
encountered.  Gas  leaving  the  rotor  at  stations  B  and  0 
to  drive  the  re-entrant  duct  flow  exita  the  rotor  at 
two  different  gas  pressures .  In  the  actual  GPC  device, 
these  flows  are  not  eeparated  ao  that  considerable 
mixing  losses  are  expected  to  occur  as  their  pressures 
equilibrate.  Reaction  work  also  ia  extracted  ao  that 
further  pressure  drop  occurs,  making  it  difficult  to 
re-inject  this  flow  unless  th#  secondary  expansion  from 
e  to  10  on  the  rotor  ia  rather  large.  7b#  combination 
of  these  processes  is  inefficient.  R  second  problem 
area  concerns  the  pretence  of  reflected  waves  in  the 
cycle  which  My  prevent  it  fro*  being  truly  periodic. 
The  Mgnitude  of  the  influence  of  th*  internally 
reflected  waves  needs  to  be  determined  niaaerically, 
with  the  plow  code  for  example.  7b*  absence  of  wave 
control  mechanisms  in  th*  GPC  design  also  My 
contribute  to  poor  off-design  behavior  for  this 
particular  rotor. 


where  th*  ratio  T^/T^  is  a  variable  parameter  and  the 
pressure  ratio  is  3.0.  Thus,  for  valuas  of  Tj  -  3000*r 
(1922  k)  and  air  inlet  tasperatures  T4  *  1100*r 
(570  K),  th*  shaft  work  efficiency  My  be  as  high  as 
7IS  *•  41%.  lb*  virtu*  of  using  data  calculated  fro*  the 
wave  diagram  ia  that  bettar  estimates  of  ij n  and  q 
are  obtained.  For  values  corresponding  to  Pearson ‘a 
experiments,  an  overall  cycle  pressure  ratio  of  12.2  is 
appropriate  to  the  peak  taxperature  case  of  1250  K  and 
th*  value  projected  for  n  is  63%. 

5 

Ibe  thermal  cycle  efficiency  of  Pearson’s  rotor 
is  given  in  rigure  5-3  as  a  function  of  shaft 
horsepower  output.  Using  the  conventional  definition 
of  Brayton  thermal  cycle  efficiency  with  the  usual 
adiabatic  definition  of  turbine  efficiency  tj  ,  we  can 
write  T 


COMBUSTION 

casts  in 


FAPTLT  CX FUNDED 
COMBUST! OK 
GASES  IN 


CWBUSTItW  GASES  COMBUSTION  GASES  OUT 

OUT  (To  AD) 


Figure  5-2.  Wave  Diagram  for  a  Wave  Pot or /Turbine  Resembling 
the  GPC  Machine  {PC*  »  Re-entry  Duct). 
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for  a  i  work  cycle  and  where  the  compression  work 
is  accomplished  toy  internal  wort  t rmnmfar. 
Substituting  the  taaperatur*  ratio  1230  E/300  K  »  4.167 
for  the  ratio  T^/T^  in  the  above  expression  for  the 
points  corresponding  to  25  shp  and  noting  that  the 
thermal  cycle  efficiency  was  *.«%  for  that  case,  we  can 
eolvs  for  vT  -  13%.  Carrying  out  the  mm  steps  at  the 
geek  temperature  of  1070  K  and  S3  shp  where  the  thermal 
cycle  efficiency  la  3.0*  gives  a  second  solution  for 
tjt  -  13%. 

From  this  ,  comparison,  we  can  see  that  the 
espirical  value  for  vT  i*  eubetantially  leas  than  the 
theoretically  predicted  value  of  33%.  Pearson  has 
discussed  several  sources  of  loss  in  the  fciston-Homstoy 
experiments ,  which  suggest  that  leaXags  and  heat 
transfer  are  two  of  the  main  contributors  to  this  poor 
component  efficiency. 


kmc*  ourr-r.  sw 


Figure  5-3.  Experimental  Data  from  the  Ruston-Hornsby 
Tests  on  the  Pearson  Wave  Rotor/Turbine. 
(SHP  »  shaft  horse  power,  n  «  thermal  cycle 
efficiency)  tRef.  7), 


The  data  in  Figure  3-3  also  illuetratsa  that  the 
wave  rotor/turbine  operates  successfully  for  conditions 
which  are  considerably  off-deeign,  considering  that  the 
span  of  ahaft  horaspowsr  was  from  3  to  33  and  the  rotor 
speed  varied  from  3.000  to  13,000  rjm  over  this  range. 
This  represents  a  surprising  capability  whsn  one 
understands  that  the  wave  rotor  depends  on  the  relative 
timing  of  waves  relative  to  port  opening  and  closing 
events.  Further,  the  date  supports  the  contention  that 
the  shaft  work  efficiency  of  the  device  is  maintained 
to  a  large  degree  over  this  range  so  that  the  component 
performance  is  not  seriously  degraded.  That  leads  to 
the  conclusion  that  the  rotor  performance  is  not 
particularly  sensitive  to  operating  condition*  once  the 
proper  design  has  been  arrived  at. 

Relatively  little  is  known  at  this  point  as  to 
the  sensitivity  of  the  wavs  rotor/turbine  performance 
to  design  features.  However,  from  historical  evidence 
it  appears  that  it  is  very  ea*y  to  design  a  poorly 
performing  wavs  rotor  turbine  since  the  majority  of 
them  have  not  produced  net  Shaft  pw»r  outpjt.  Once 
the  proper  design  principles  are  recognised  as,  for 
example,  in  the  Pearson  rotor,  then  it  is  no  longer  a 
hit-or-miss  process  to  design  a  good  wavs 
rotor/turbine . 


•action  6 
mvt  ROTOR  BSt« 


*.  mans 

Existing  wave  flow  patterns  have  been  used  to 
establish  preliminary  wav#  rotor  designs  appropriate  to 
a  small  turbofan  engine.  A  conceptual  design  has  been 
developed  for  a  wave  rotor  corresponding  to  a  turbofan 
engine  providing  «00  lb(f)  thrust  at  Mach  0.65  and  sea 
level  flight  conditions.  This  conceptual  deaign 
emphasises  basic  dimensions  of  the  rotor  (radius  and 
length),  nvmiber  and  *hape  of  compression  tubes,  rotor 
tip  speed,  injection  nossls  and  exhaust  manifold  port 
placement,  and  flow  angle*  relati*#  to  the  rotor  face. 
Such  information  i/i  sufficient  for  carrying  out  FUJW 
code  calculation*  c.f  wav#  rotor  performance,  but  a  more 
detailed  design  evaluation  would  be  required  before  any 
device  of  this  *ort  is  tested. 

Analysis  of  the  wave  rotor  de*ign  show*  that  the 
wive  rotor  cceponent  ia  snail  (on  the  order  of  3  to  6 
inches  in  diameter  and  length)  and  lightweight. 
Compared  to  the  high  pressure  stage*  of  conventional 
axial  flow  compressors,  ths  alas  of  ths  wave  rotor 
tubes  is  rslativsly  large.  Ths  lossss  in  ths  wave 
rotor  oosv>ression  process  are  related  ,  to  unsteady 
gasdynasiic  wavs  processes  and  nonuniform  flow  in  the 
manifolds,  as  compared  to  axial  flow  compressor  lossss 
which  are  prisuurily  aerodynamic  (i.#.,  related  to 
boundary  layer  separation  and  leakage  at  the  blade 
tips).  Specifically,  the  losses  for  wave  rotors  do  not 
Increase  as  rapidly  as  the  losses  for  more  conventional 
turbo— ccs^res so r  systems  as  the  rotor  site  decreases. 
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Wnlihe  *  turbine  or  OM^resaor  where  tip  speed 
»u»t  ba  matched  aerodynamlcally  to  tha  pas  flow  in 
ordar  to  achieve  pood  efficiencies,  tha  wav*  rotor 
sfficlency  depends  instead  on  tha  .alation  batwaan  tha 
rotor  period  of  ravolution  and  an  acoustic  wav*  transit 
tiaa  within  tha  rotor,  The  transit  tiaa  dspands  on  tha 
length  of  tha  rotor.  Th*  longar  tha  rotor,  tha  lowar 
tha  tip  spaad  can  b*.  thus,  tha  tip  spaad  for  a  wav* 
rotor  can  ba  ralatiyaly  alow  and  still  achiav*  pood 
afficiancy.  tha  consequence  of  this  faatura  Is  that 
tha  uc.ial  creep  atranpth  limit*  which  apply  to  hlqh 
taaparatura  turblna*  ara  much  las*  savor*  for  wav* 
rotors,  allowing  thoa  to  oparat*  at  hiphar  metal 
tasparaturos.  A  sort  important  eonoam  for  wav*  rotors 
is  thoraal  cycling  fatigu*  du*  to  tha  heating  and 
cooling  of  tha  tub*  walla  with  aach  cycl*. 

Specific  affects,  such  as  hast  transfer  and 
leakage,  are  design  dependant  and  will  help  to 
determine  such  things  as  tha  mafcar  of  tubas  and  tuba 
site  and  shape  for  a  given  sat  of  flew  condition*. 
These  effects  are  Modeled  analytically  in  this  section 
to  provide  a  way  of  estinating  tha  aaount  of  leakage 
and  the  equilibrium  wall  te^ieratur*  of  the  rotor. 
Much  of  the  design  optimisation  can  be  carried  out  with 
these  analytic  models  bsfor#  invoking  the  SLOW  coda  for 
sore  detailed  results. 

Re-entrant  ducts  are  also  discussed  from  s  design 
point  of  view  as  a  means  for  establishing  tha 
appropriate  boundary  condition*  for  the  FLOW  cod*. 


Figure  6-1.  Superposition  of  Wave  Diagram  on  Two  Cycle 

Pressure  Exchanger  Wave  Rotor  Configuration. 


W»#  fundamental  flew  pattern  established  within 
the  wav*  rotor  is  called  a  wav*  diagram  bacaua*  the 
essential  compression,  expansion ,  and  scavenging 
prooassss  arv  caused  by  the  propagation  of  unsteady 
pasdynamic  waves  along  the  length  of  each  tuba  as  the 
rotor  spina  past  each  of  the  inlet  and  exit  porta  of 
tha  device.  tha  construction  of  an  idealised  wave 
diagram  is  the  first  step  in  the  design  of  a  wav*  rotor 
sine*  the  strength  of  aach  of  the  waves  is  related 
directly  to  eh*  strength  of  the  compression  or 
ampanelon  desired  of  the  device  and  because  the  speed 
of  these  waves  helps  to  determine  the  location  and 
axlsMthal  extent  of  each  of  tha  port*  supplying  the  gas 
to  the  rotor.  Figure  *-i  shows  a  wav*  rotor  with  two 
ooaplat*  coopraaaion  and  expansion  cycler  par 
revolution.  It  is  possible  to  represent  the  wave 
processes  occurring  in  the  device,  as  shewn 
schematically  at  tha  left  in  this  figure.  Tha  dashed 
lines  represent  the  location  of  wav*  fronts  and  tha 
interface  between  the  combustion  gases  and  tha  intake 
air. 

A  basic  precept  for  wav*  diagrams  la  tha  concept 
of  periodic  flow.  After  on*  revolution,  the  flow  in  a 
given  tube  aust  return  to  lta  original  atate  at  each 
point  in  the  tube.  This  does  not  naan  that  the  flow  in 
the  tub*  is  uniform  at  this  point,  but  it  does  imply 
that  tha  flew  is  stsady  as  observed  from  the  stationary 
frame  of  the  outside  observer;  in  particular,  the 
manifold  or  port  flows  are  steady  for  a  periodic  wave 
system.  A  steady  port  flow  device  allows  it  to  be 
mated  to  other  stsady  flow  devices,  such  as  axial  flow 
turbines  or  compressors,  as  an  integrated  component  of 
an  angina. 

Coaiplrt*  periodicity  ia  difficult  to  guarantee 
for  wav*  diagrams  in  general  since  there  may  be  s  large 
matoer  of  internal  reflected  waves  which  are  difficult 
to  account  for  with  an  analytic  scheme.  The  ruw  code 
doe*  this  automatically.  Thus,  an  analytic 
approximation  may  be  used  to  start  the  FLOW  code 
calculation,  and  th*  code  itself  will  compute  a  revised 
wave  pattern  with  all  of  the  wave  reflections 
included . 

There  are  certain  classes  of  wave  diagrams  that 
guarantee  periodic  behavior  within  the  context  of  the 
analytic  approximations  to  be  dlecuseed  shortly.  These 
wave  diagrams  make  us*  of  «x*plet#ly  uniform  manifold 
flows,  no  strong  waves  crossing  any  of  the  contact 
surfaces  as  they  traverse  the  tubes,  and  wave 
management  ports  to  canosl  wave  reflections  at  the  ends 
of  the  tubes.  Tub*  opening  and  closing  at  the  edges  of 
each  manifold  also  produce  weak  waves  which  can  be 
partially  controlled  by  tuning  ports. 

It  is  useful  to  exasdne  one  of  these  manifestly 
periodic  wave  diagrams  as  an  *xaag>le  because  it 
represent*  probably  one  of  the  most  efficient  forms  of 
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th*  *•**  rotor  pressure  exchanger,  and  it  allows  us  to 
fliws  a  particularly  simple  ds  script  ion  ©f  ths  work 
tranafsr  efficiency  of  such  a  device.  Figure  *-z  shows 
this  cyps  of  wavs  diagram  for  a  prsssurs  ratio  a. 5 
prsssurs  exchanger  wavs  rotor.  Hots  that  ths  dr  Ivan 
gas  (air)  is  ocstprsassd  by  two  shock  wavas  of  equal 
strength  and  than  exit*  from  port  d)  on  ths  left,  Ths 
hot  high  prsssurs  driver  gas  (e.g.,  froa  ths  ooabuator) 
enters  at  port  D3  on  ths  right,  compressing  ths  driven 
gas  already  in  the  tubs  by  sending  ths  ssoond  shock 
wavs  across  ths  tubs  The  gas  interface  or  contact 
surface  between  Chess  two  gases  Is  Usssdlately 
overtaken  by  the  compression  wavs  and  travels  at  a 
slower  speed  across  the  tube.  A  wave  management  port 
is  located  at  the  trailing  edge  of  the  driven  gas  exit 
port  d3  in  order  to  alow  the  exiting  gases  to  a  sero 
velocity  and  to  cancel  the  rarefaction  wave  ( i .e. ,  aero 
reflection)  which  accounts  for  this  decelaration.  the 
driver  gas  is  subsequently  scavenged  from  the  tube  in 
two  separate  ports,  D5  and  Dl.  A  cartful  consideration 
of  the  Riemann  invariants  shows  that  two  ports  are 
necessary  if  the  final  gas  velocity  in  port  Dl  and 
pressure  there  are  to  smteh  the  incoaung  driven  gas 
conditions  at  port  dl. 

there  are  four  wave  Management  porta  for  this 
particular  wave  diagram.  Bach  of  thsss  involves 
non-uniform  flows,  but  generally  the  stass  flow  through 
these  ports  is  so  smell  that  the  port  losses  do  not 
significantly  affact  the  wave  rotor  efficiency,  their 
impact  on  suppression  of  reflected  waves  is 
considerable  and  represents  their  sain  contribution  to 
device  efficiency,  the  sain  inlet  and  outlet  manifold 
flows  are  uniform  since  no  waves  from  inside  the  device 
are  incident  on  these  ports,  these  equations  do  allow 
the  two  gases  represented  here  to  have  different 
specific  heats  and  molecular  weights.  A  modification 
of  these  equations  also  allows  an  analytic  estimate  of 
the  heat  transfer  (see  Section  C.4).  the  eolution 
procedure  to  the  wave  diagram  equations  is 
straightforward  algebraic  substitution*  no  iteration  or 
convergence  is  required,  thus,  the  results  are  exact 
in  this  approximation. 

A  related  but  acre  complicated  procedure  has  been 
used  in  the  past  for  constructing  wave  diagrams  in 
which  internal  wave  reflections  occur.  this  is  an 
iterative  technique  in  which  one  cycle  is  oomplsted  and 
then  the  initial  parameters  are  adjusted  to  approximate 
the  end  of  the  first  cycle*  the  next  cycle  is  similarly 
constructed,  and  so  on  until  the  beginning  and  end  of 
successive  cycles  agree  well  enough.  This  technique 
approximates  the  process  followed  with  the  PLOW  code 
except  that  the  FLOW  code  is  capable  of  following  all 
of  the  waves  tdieraa*  the  analytic  procedures  simplify 
the  process  by  following  only  a  finite  matoer  of  mv«i 
which  reprssent  the  main  gamdynamic  process  in 
progress.  The  most  ussful  format  for  this  technique 
has  been  described  by  Pearson.'  Be  uses  three 
».w..e wye  auii  «4(lCh  relate  the  physical  states  of  the  gaaes 
on  either  aide  of  a  wave  to  the  wave's  position  in  the 
tube  and  to  the  characteristic  velocities  of  the  flow 
and  small  disturbances  In  the  flowi  the  so-called 


state,  position,  and  pole  diagrams.  The  calculation 
includes  the  same  Riemann  invariants  uged  in  the 
pressure  exchange  calculation  for  the  wave  diagram 
shown  in  Figure  *-Z .  However,  the  technique  can  be 
refined  considerably  to  include  finite  opening  and 
closing  of  each  tube,  losses  associated  with  angle  of 
attack  of  flow  antarlng  the  tubes,  and  the  details  of 
wave-wave  and  wave -contact  surface  interaction  within 
the  tubes  as  well  as  wave  reflection  at  the  tube  ends. 
Figure  5-2  shows  an  axaaple  of  a  complex  wave  diagram 
constructed  by  .Pearson  using  this  technique  for  e  wave 
rotor/turblne  which  produces  shaft  power  output.  In 
this  example  the  manifold  flows  are  not  uniform. 
Boweeer,  the  wave  diagram  la  periodic,  and  the  gaaes 
are  completely  scavenged  in  one  cycle. 
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rigure  6-2.  Ideal  Wave  Diagrar  for  a  Nine  Port  Pressure 
Exchanger  Wave  Rctor  portraying  the  cycle 
time  Tevt,  identification  of  uniform  flow- 
regions’,  port  and  endvall  times. 


In  the  four-port  devices  discussed  in 
lection  4.6,  incomplete  scavenging  occurs  in  one  cycle 
so  that  gas  entrained  on  the  rotor  undergoes  a 
considerable  amount  of  oompraeslon  and  expansion  from 
one  cycle  to  the  next.  This  led  to  an  Inefficient  use 
of  the  wave  rotor  with  an  equivalent  high  beck  work 
ratio  since  the  entrained  gases  were  not  available  at 
the  end  of  each  cycle  to  perfora  external  work. 
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Purther,  th#  Immi  utocUt«4  with  thee#  entrained 
«**•«  must  be  kept  to  an  absolute  minimus  in  order  to 
•xtract  any  useful  work  from  tha  ayatoa. 


t.i  cks i cat  noATicK 

Th«  design  procaaa  for  a  pressure  exchanger  wav# 
rotor  begins  with  an  ar auction  of  th#  kind  of  wav# 
processes  which  will  be  ua#d  to  expand  or  ccsspres*  th# 
working  gases.  for  example,  p igur*  6-2  illustrates  th# 
wav#  proc#aa«a  choa#n  for  a  pressure  #xchang#  wav# 
rotor  having  th*  Maxima  work  transfer  #ffici#ncy.  The 
total  cycl#  time  rp  can  b#  obtained  from  thia  diagram 
one*  th#  peak  Bound  ap##d  a^j  ( i .#. ,  combustion  inlet 
gaa  temperature )  and  rotor  l#ngth  hav#  b##n 
prescribed .  That  la,  aach  of  th#  dismnsionless  tijaaa 
ahown  in  Pigur*  6-2  will  b#  acal#d  to  diawnaional 
value*  by  th#  acouatic  tranait  tilt*  L/a^.  Th#  rotor 
tip  ap#*d  vT  ia  thua  related  to  th#  rotor  radiua  by 

,  >»*ve[%]  t6_1J 

The  next  atep  is  to  chooae  the  effective  collection 

efficiency  of  one  of  the  primary  manifolds;  for 

example,  the  driven  gaa  outlet  amnlfold.  The 

collection  efficiency  n  ,  ia  a  measure  of  how  close 
co  1 

the  flow  into  a  given  manifold  is  to  being  continuous; 

an  infinite  manber  N  of  tube*  opening  onto  a  finite 

sianifold  reault*  in  a  perfect  collection  efficiency. 

The  actual  relation  i*  v  ,  •  fH-l)/N.  Thus,  a 

col 

prescription  of  the  collection  efficiency  gives  the 
number  of  tubes  in  the  driven  gaa  outlet  Manifold  . 
Prom  this  quantity,  the  width  of  individual  tubes  May 
be  computed: 


Using  the  Maas  flow  into  th*  driver  gas  port 
and  the  accompanying  flow  velocity  and  density  of  that 
gas,  one  can  solve  th*  relation 


*D3  *  PD3UD3*nW  *D3  *  7^  *d3  (6‘3} 


for  th*  height  h  of  each  tube.  Each  of  th*  other  port 
mu as  flow*  can  be  derived  from  since  the  flow 
velocities  and  densities  and  Manifold  sites  (e.g.,  in 
terms  of  th*  T  )  are  known  from  th*  diagram  and 
are  related  to  each  other  by 

■i  *  piuiM kf:  C6‘4] 


The  flow  angle*  of  each  port  can  be  obtained  by 
Mtching  th*  tangential  velocity  of  th*  rotor  with  th# 
tangential  flow  speed  in  th*  Manifold  coordinate 
system,  assuming  the  rotor  tubes  are  parallel  to  th# 
axis  of  th#  rotor.  Thus,  if  u  is  Uh#  flow  speed  in  the 
wanitold  coordinates  and  6  is  th*  angle  of  the 
Manifold  flow  relative  to  a  sector  normal  to  the  rotor 
face,  then  u  *in0  -  VTi  therefore,  th*  flow  angle  ia 


«  -  ein-i  (-^]  [6-SJ 

where  the  manifold  flow  speed  is  known  fra*  th*  wave 
diagram. 

In  sc— ary .  th*  unknnsne  are  r  ,  r,  l»dJ,  d, 
n,  h,  and  and  tha  basic  aquations  arei 

Tc  *■£  [T  if  porta )  4  7  if  end  wells)]  C6-*l 


r 


VTI, 
T  C 


[6-7) 


t «— •  3 


d 


[6-9) 


h  .  *D3  (V 

Hd3UD3PD3d  lTD3 

■i  ’ 


[6-10) 

(6-11) 

[6-12) 

[6-13] 


fvTl 

^-ain-jjjjij  [6-14) 

where  L,  Pj.  Uj.  r  ^  vT,  1)^,  and  are 
preacribed.  Por  purpose*  of  PLOW  code  calculations 
where  a  particular  tube  aise  fl.e.,  h  and  d)  la 
desired,  aeveral  different  value*  of  L  will  normally  be 
Investigated.  Larger  values  of  L  produce  larger  radii 
r  for  a  given  tip  speed  and,  hence,  larger  values  of  d 
and  smaller  values  of  hj  th*  product  of  hd  depend*  only 
on  the  mass  flow  m^,  the  wave  diagram,  and  the 
collection  efficiency.  Similar  variations  ran  be 
obtained  by  varying  instead  of  L. 

Th*  magnitude  of  heat  tranafar  in  th*  wave  rotor 
has  bear,  estimated  approximately  using  a  perturbation 
technique'  to  determine  its  effect  on  the  rotor 
efficiency  and  design.  These  estimate*  are 
corroborated  d.'  th*  fully  nonlinear  PLOW  code  results 
that  compare  wav*  rotor  case*  with  and  c-tthout  heat 
transfer. 
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The  analysis  proceed*  by  utialng  that  hast  T  »  fT  n  \  T( 

transfer  In  each  tub*  follow*  th*  bahavior  for  fully  ^  I  dJ  dlJ  * 

developed  pip*  flow  with  an  entrance  flow  correction 
appropriate  for  large  Reynold#  msM>*r* .  Mo  haat 

transfer  la  assumed  to  occur  where  th*  overage  flow  T<|j 

velocity  1*  ncaLlna^ly  aaro,  Thus,  the  haat  transfer  ”  T^~ 

equation  is 


t«-lS] 


where 


ia  th*  hydraulic  diameter  of  th*  tube.  Me  «  pud ^/u  is 
the  Reynold*  number,  and  T  le  the  tube  wall 
temperature.  The  solution  to  this  aquation  ia 


Thuy,  th*  temperature  of  this  gas  slug  at  th*  driven ' 
gaa  exit  Manifold  ia 


Tot*J  -«»>', 


t*-20) 


n^e  average  value  of  the  exit  driven  gas  temperature  ia 
therefor* 


where  T.  is  th*  inlet  flow  '~>mp*ratur*  and  T  «  T(x)  is 
the  flow  temperature  a  distance  x  frost  the  tube 
entrance . 


Several  changea  occur  across  a  wave  system  which 
requires  a  change  in  the  value  nf  .  Across  a  shock 
wave,  for  *xa*g>le,  the  temperature  ratio  of  th*  gaa 
will  be  greater  than  1  and  will  depend  on  th*  shock 
strength  <i.#.,  its  pressure  ratio).  Osing  Figure  6-2 
a*  an  example,  we  can  write  th*  heat  transfer  solutions 
for  the  driven  gaa  in  regions  dl  and  d3  as  follows > 


or  T(x)  -  Tw  -  (Tw 


for  o  <  x  <  x  and 
o 


£6-l»3 


-  it 

or  T(y)  -  T,  -  (T,  -  T^je 

for  o  <  y  <  yo  where  yo  -  L  -  xq.  Osing  Td3/Tai  as 
the  ideal  tamperatur'  ratio  across  both  shock  waves,  w* 

- define  th#  entrance  temperature  for  any  slug  of 

driven  gas  reaching  the  first  shock  wav*  at  position  xq 
in  th*  tub*  as 


A  similar  expression  exist*  for  the  driver  gas 
except  that  expansion  wavas  are  present  Instead  of 
•hocks.  These  are  also  modeled  as  discrete  wavs*  for 
purposes  of  ana ly ring  the  heet  transfer.  Again,  the 
Ideal  temperature  ratio  ac:  'he  wav*  is  used  to 

relate  th*  exit  temperature  of  a  gaa  slug  approaching 
th*  wav#  to  th*  "entrance*  temperature  of  the  seam  alug 
of  gas  leaving  the  wave.  The  averaging  process  can 
•gain  be  carried  out,  noting  that  the  entering  driver 
gas  at  03  actually  leaves  at  two  Min  exit  ports,  05 
and  Dl  ( ignoring  th*  tuning  ports  in  this 
approximation),  which  makes  th*  integrals  aomwwhat  more 
complex  but  still  tractable. 

At  this  point,  th*  averaged  exit  port  temperature 
with  heat  transfer  can  be  compared  to  th*  wave  diagram 
temperature  computed  without  heat  transfer  to  estiMte 
the  Mgnitude  of  th*  effect.  By  also  calculating  the 
•mount  of  heat  transferred  to  each  stream,  one  My  also 
determine  whether  or  not  th*  chosen  wall  temperature 
also  corresponds  to  an  equilibrium  wall  temperature  for 
that  particular  set  of  flow  conditional  that  is,  at 
equilibrium,  th*  haat  transferred  to  the  rotor  from  the 
hot  gas  must  equal  the  haat  transferred  from  the  rotor 
to  th*  cold  gas. 


316 


■mil.  th*  hest  tt»n»t.t  path  1*  generally  not 
Xrwwn  in  the  llnearlxed  (Mil 

perturbation)  approximstion  used  hare,  we  can  uium 
that  the  heat  addition  or  extraction  line  in  the  r-e 
apace  la  straight  between  the  initial  and  final  eta tea, 
aa  shown  in  Figure  »-l,  Thus,  for  exasple,  the  heat 
tranaferred  out  of  the  driver  gaa  after  a  given 
expane  ion,  aay  trow  atate  03  to  atate  05,  la  given  by 

*>35-  (SS.  -S5)K+i[V*5)) 


It  la  poealble  to  run  the  fully  oca*) reared  air 
atreaa  through  the  wave  rotor  again  for  extra  oooling 
of  the  rotor  before  peering  that  gaa  on  to  the 
ocabuetor.  feat  preaaure  loeaea  inevitably  occur  with 
an  extra  acevange  of  thle  aort,  but  the  rotor  ylll  act 
aa  a  recuperator,  reducing  the  amount  of  fuel  needed  to 
reach  the  peaX  combustion  temperature  and  thereby 
enhancing  the  efficiency  of  the  device,  a  srmndiet 
larger  rolor  diameter  will  be  needed  to  encoeeass  the 
extra  coding  part  pf  the  cycle  but,  if  it  le  etlll 
eithin  the  engine  envelope,  then  this  approach  hex  a 
largn  payoff  in  tares  of  reducing  the  aetal 
temperatures  etill  further. 


or 


C,  entropy 

•i  •»••> 


Fiourt  6-3.  Heat  Transfer  fror  an  Expanding  Cas  to 
the  Wave  Rotor  Walls. 


These  estimate*  have  been  made  for  e  variety  of 
rotor  configurations  and  flew  conditions.  An 
intareating  affect  emerges  from  the  results  which  have 
been  tabulated  in  Table  5-1.  Comparing  eases  2,  3,  and 
4.  we  aee  that  the  relative  size  of  a  tube  (i.e.,  d,  h, 
and  L)  has  no  noticeable  effect  on  the  equilibrium  wall 
temperature  of  the  wave  rotor,  even  though  the 
quantities  of  hast  tranaferred  aay  vary  a  lot  with  tube 
sire.  Also,  It  is  clear  that  the  equilibrium  wall 
temperature  in  several  interesting  cases  (e.g.,  1 
through  t ),  which  correspond  to  combustion  temperatures 
of  3500 *F.  ie  rather  high  for  the  basic  wave  diagram 
shown  in  Figure  6-2.  The  rotor  wall  temperature  tenges 
from  1470 *F  to  2060 *F  for  these  cases. 


The  work  transfer  efficiency  is  affected  by  beat 
transfer,  in  this  approximation,  by  increasing  the 
available  work  in  the  driven  exit  ges  stream.  If  no 
other  effeeta  were  present,  this  would  represent  a  net 
increase  in  the  work  transfer  efficiency.  Bowever,  in 
actuality  and  in  the  FLOW  oode  results,  the  ability  of 
the  hot  gas  to  do  work  on  the  cold  gas  is  reduced  by 
heat  transfer,  and  the  work  required  to  oompresa  the 
cold  gaa  as  it  heats  up  is  also  increased.  A a  long  as 
the  overall  pressure  ratio  of  this  process  is  fixed, 
the  difference  between  these  oompetlng  effects  will  be 
accommodated  by  changes  in  tha  mess  flows  of  the  driver 
and  driven  gases.  That  is,  a  smallar  flow  of  drivan 
gas  par  unit  flow  of  driver  gas  can  be  ooapreasad  When 
heat  transfer  via  the  rotor  wall  occurs.  This  is  a 
greater  effect  than  the  increase  In  the  available  work 
of  the  driven  ges,  so  that  the  net  effect  is  to 
decrease  the  work  transfer  efficiency. 

6.5  IAOa 

Several  different  types  of  leakage  can  occur  in  a 
wave  rotor,  with  dif faring  affects  on  its  performance. 
There  are  inner  and  outer  radial  gapa  at  aach  face  of 
the  rotor,  between  the  rotor  and  the  manifolds,  where 
meet  of  the  leakage  may  occur.  If  the  sanifold  is 
connected  to  a  shroud  encloaing  the  rotor,  than  the 
radial  leakage  can  be  reduced  by  pressurising  the 
shroud  to  sosw  intermediate  level  which  ie  lese  than 
the  peak  manifold  pressure  but  greater  than  the  minimum 
amnifold  pressure.  An  equilibrium,  intermediate  level 
of  pressure  may  be  attained  quite  naturally,  which 
depends  on  the  balance  of  laakage  from  the  high 
pressure  manifolds  to  the  plenum  and  from  the  plenum  to 
the  lower  pressure  manifolda*  or  it  can  be  sustained  at 
e  nonequi librium  pressure  from  an  outside  source,  such 
as  bleed  sir  from  a  compressor.  Other  sources  of 
leakage  include  azimuthal  flows  from  high  pressure 
manifolds  to  adjacent  low  pressure  manifolds. 

leakage  has  been  identified  as  a  problem  area 
affecting  performance  in  several  key  experiments  in  the 
pest  and  has  been  measured  indirectly  in  several 
cases.  Dsing  the  K5NW  energy  exchanger  data  for 
leakage  end  work  transfer  efficiency  (see  Figure  3-4). 
one  can  derive  an  approximate  equation  relating  these 
two  variables: 


Table  6-1 


EQUILIBRIUM  HALL  TEMPERATURES 
AS  A  FUNCTION  OF  ROTOR  DESIGN  VARIABLES 
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Each 

of  these  cues  Is  for 

•  100  lb 

thrust 

•ng ins  flying  at  M-o.ss,  sea  level 

conditions  with  a 

prtttur* 

rstic  of1 

2.94.  s  peak  pressure  of  >0.5 

atm.  an  Inlet 

•It  temperature  of  757*X,  and,  with  one  except  ion  (Cue  6  0  1  lb/eec ).  the  Inlet 
air  flow  la  2.5  lb/eec.  CASK  1  la  uaed  aa  a  guide,  with  24  tubea,  1  wave  cycle 
per  revolution,  and  a  combustion  gas  inlet  temperature  of  2200*K  (>500*r>.  CAST 
2  has  47  tubes.  Qtft  S  has  47  tubea  and  a  lower  tip  speed,  case  4  has  47 
tubes.  2  wave  cycles  per  revolution,  and  lower  tip  speed.  OS  §  has  higher  tip 
•peed.  CASE  a  has  lower  ness  flow  (l  lb/eec ) .  CASE  ?  has  a  lower  oombustirn 
gas  inlet  temperature  of  1S22*K  (looo'f),  44  tubea,  and  14  lb/eec.  CASE  ■  has  a 
lower  eoabuation  gu  inlet  teaperature  of  1444*K  (2500*P).  CASE  0  hu  higher 
peak  pressure  (91  ate),  air  inlet  temperature  (Ill'X).  CASE  10  hu  lower 
pressure  ratio  (2.24).  . »  at*,  inlet  air  flow  *2.4  lb/eec.  CASE  11  hu 

higher  preesure  ratio  (2713).  ata.  Inlet  air  flow  -  2.4  lb/eec. 


’o-Cl|a. 


leak 


total 


0. *15-1.379 


[5-24) 


where  we  have  ueuaed  that  the  loes  in  efficiency 
depends  linearly  on  leakage.  An  additional  adjustment 
has  to  be  mede  to  incorporate  the  fact  that  the  NSNW 
experiment  utilized  only  40  percent  of  the  periphery  of 
ui«  wave  rotor  j  the  remaining  40  percent  wu  inactive 
but  etill  contributed  to  the  leakage.  The  oorrected 
equation  can  be  written  as 


o  •  o 


o 


"leak 

»  0.415-0.55 

\ 

•v 

,*T 

(5-25) 


In  order  to  apply  thia  equation  to  eltuatlons 
where  air  la  the  working  fluid  and  «d>ere  the  peak 
preaaurea  and  temperatures  are  different,  the  loss  term 
dependence  on  theee  parameters  must  be  modeled.  To 
thia  end  we  assiaa a  that  the  radial  leakage  flow  la 
choked  since  the  gap  helghl-to-length  ratio  In  the 
clearance  la  very  small  and  the  gap  length  exceeds  the 
critical  value 


M  la  obtained  from  the  relation 

g 


M 


2+(T-l)M_ 


7+1 


V* 


where  P  /P  la  the  pressure  ratio  across  the  gap. 
Under  these  circumstance* ,  the  leakage  flow  rate 
depends  directly  on  the  acoustic  speed  OR T)  '  . 
Thus,  the  change  in  gu  species  and  temperature  are 
contained  in  the  values  of  r,  R,  and  T. 


Por  example,  consider  the  peak  temperature  to  be 
iOOO’r  (1922  X)  and  the  gu  la  air.  Using  the  same  gap 
U  in  the  NSNW  experiment  for  the  low  clearance  cue 
(l.a.,  5  mils  »  0.012  cm)  and  a  rotor  diameter  of  15 
am,  we  can  expect  the  leakage  to  be  five  times  that 
experienced  on  the  NSNW  device  or  20  percent  of  the 
inlet  air  flow  to  the  rotor,  yielding  a  work  transfer 
efficiency  of 

1)  -  O.S25  -  0.55(  .20)  -  0.725  (5-27J 


crit 


_h 

f 


1-M 


7K 


f  •£*« 


(7+1  )M 


2+0-1  )M 
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according  to  Equation  (4-29). 
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Detailed  FLOW  ood#  calculations  war*  prestntsd  in 
9«ction  1  to  support  these  initial  estimates.  nta  use 
of  higher  shroud  pressure*  can  b*  used  to  reduce  tha 
leakage  considerably.  Experiments  at  thaa*  a lav a tad 
temperature*  and  praaauraa  ara  claarly  required  to 
verify  both  thaa*  estimate*  a a  wall  aa  tha  more 
complete  parfonaanca  projactlona  mad*  with  tha  PLOW 
coda. 

«.«  itc-iamuurr  ducts 

Wav*  rotor*  way  uaa  outflow  from  on*  port  a a  tha 
inflow  to  anothar  port,  Every  caa*  of  lntaraat  in  thia 
study  involves  a  r*-*ntrant  duct  corresponding  to  tha 
combustor.  In  addition,  wav*  rotor*  producing  shaft 
work  output  My  also  require  a  aaoond  **t  of  r*-*ntrant 
ducts  to  complete  th*  gaa  expansion  and  dariv*  the 
final  amounts  of  ahaft  work  from  th*  davic*. 


An  imbalance  batwaan  th*  tangantial  flow  spuds 
for  gaaaa  antaring  th*  wav*  rotor  and  th*  tip  apaad  of 
th*  rotor  My  also  occur,  which  can  load  to  aithar 
highar  or  lowar  stagnation  praaauraa  of  in*  compressed 
air  •  xitir>g  th*  rotor.  These  My  b*  uaad  Intentionally 
to  incraaa*  tha  coaprssssd  air  flow  stagnation  praasur* 
to  an  accaptabl*  laval.  Th#  work  for  raiaing  th* 
stagnation  praasura  of  that  straaa  can  b*  takan  from 
oombustion  gaa  flew  leaving  th*  rotor  by  vectoring  that 
flow  to  give  son*  reset  iv*  fore*  to  th*  rotor  or  by 
supplying  a  ssall  soaount  of  ahaft  power  input  to  th* 
rotor  (a.g.,  f row  an  external  drive  motor). 

J 

Proa  this  diacuaalon  on*  can  **«  that  praaaura 
recovery  is  critical  to  proper  operation  of  th* 
coabustor  re-entrant  loop.  Detailed  auursanti  ara 
strongly  nssded  in  order  to  eonfins  flow  loop  operation 
for  a  givan  laval  of  oombustor  praaaura  loss. 


Duct  pressure  losses  are  associated  with  wall 
friction  and  bends  in  the  duct  sdiich  can  cauae  areas  of 
flow  separation.  Similarly,  abrupt  changas  in  th*  duct 
cross  section  aa  well  as  bifurcation  of  the  fl<w  and 
rejoining  the  flow  My  laad  to  praaaure-recovery 
losses.  The  combustor  also  adds  hast  to  th*  flew,  and 
other  parts  of  the  duct  My  extract  heat  from  th*  flow 
because  of  lower  wall  tamperatura* .  W#  ahall  assume  a 
fixed  relative  pressure  loas  of  6  percent  for  the 

combustor  re-entrant  duct  case  based  on  accepted  values 
in  the  literature  ( aee  Reference  24). 

To  promote  flow  through  th*  ooetbustor,  at  least 
•ome  level  of  pressure  recovery  in  the  compressed  air 
exit  manifold  of  th*  wave  rotor  is  required.  The 
static  pressure  of  the  combustion  gas  antaring  th*  wave 
rotor  i#  equal  to  the  atatic  praaaura  of  th*  exiting 
compressed  sir  by  virtue  of  their  IntiMt*  contact 

Within  the  wave  rotor.  Without  praaaur*  reoovary,  the 
compressed  air  stagnation  pressure  would  equal  it# 

static  pressure  and  would  therefore  be  less  than  the 

stagnation  prsasure  of  the  combustion  gases;  no  flow 
through  the  combustor  would  reault.  Th*  stagnation 
pressure  of  the  compressed  air  exiting  the  wave  rotor 
can  ideally  be  larger  than  th*  oombuetor  exit  gaa 
stagnation  pressure  according  to  the  relation 

V 
p 

so 

P 

CO 


Th*  TUM  ood*  calculations  proceed  on  th*  basis 
that  a  particular  wave  pattern  result*  in  flow  apaad 
fox  th*  oompresred  air  outlet  which  can  b*  converted  at 
75  percent  to  stagnation  praaaura.  That  stagnation 
praasur*  is  than  reduced  by  th*  combustor  loasas  to 
give  th*  boundary  oondition  for  the  combustor  inlet  gas 
pressure  to  th*  wave  rotor.  A  surplus  of  flow 
generally  exists  at  the  compressed  air  outlet  so  that 
there  is  no  difficulty  in  balancing  the  mass  in  rod  out 
of  the  rotor  at  each  and.  of  thia  duct . 

Th*  conditions  applying  to  the  second  class  of 
re-entrant  ducts,  namely  those  providing  th*  second 
stage  of  axpanaion  to  a  wavs  rotor/ turbine,  ara  not  so 
simple  to  satisfy  since  there  ia  no  excess  of  mass  flow 
and  substantial  stagnation  pressure  losses  My  occur 
when  the  rotor  develops  Shaft  work  from  the  flow 
exiting  th*  rotor  and  entering  the  duct.  In  fact,  an 
additional  expansion  Is  generally  required  on  the  rotor 
mo  that  the  gas  fill  pressure  in  the  rotor  tubes  is 
sufficiently  below  the  gas  pressure  of  the  re-entrant 
duct  flew.  Then  it  will  be  possible  for  the  duct  flow 
to  scavenge  th*  fill  gas  before  performing  work  on  the 
rotor.  The  treatment  of  this  case  by  the  PLOW  code 
also  proceed*  In  a  similar  manner  to  the  preceding 
case.  The  Initial  wave  diagram  is  designed  with 
certain  external  duct  losses  in  mind  so  that  the  fill 
gas  is  at  a  lower  pressure  than  the  duct  flow  entering 
the  rotor  after  accounting  for  these  losses. 

6.7  IIPBMU  DESIGN 


where  the  Important  effect  i#  du*  to  the  difference  In 
temperature*  of  the  two  gases,  each  having  th*  same 
velocity  on  the  rotor  (i.c.,  Mco-bu,tor  <  M«ir5,  For 
condition*  of  interest,  th*  ratio  of  stagnation 
pressure*  My  be  aa  large  as  1.17.  With  a  75  percent 
recovery  of  the  dynamic  head  in  the  exit  flew  manifold, 
this  would  yield  a  stagnation  preisur*  ratio  of  1.11. 
' '  rvsnhuetor  pressure  losses  are  limited  to  lass 
than  6  percent  (1.*..  a  stagnation  pressure  ratio  of 
94%  in  th*  coaibustor  or  better),  then  net  flow  through 
the  ccsobustor  will  occur. 


A*  an  example,  consider  the  case  of  a  1000  lbf 
thrust,  12  inch  Intake  dlaMter,  bypus  ratio  of  2.2 
flying  at  sea  level  at  Mach  0.65.  Total  intake  air 
will  be  12  lbs/ sec,  and  the  core  engine  will  ingest 
14  lb/ sec  air.  For  the  wave  diagram  shown  In  Figure 
6-2  and  lor  a  wave  rotor  compression  ratio  of  2.5, 
following  a  oompreesor  pressure  ratio  of  11  and  a 
diffuser  oampressicn  of  1.13,  the  peak  pressure  in  the 
engine  is  17  atm.  If  we  oonaider  a  peak  ( combustor ) 
tempers turv  of  3000*F  (1922  X),  then  the  Sound  speed  of 
*22  will  be  2170  ft/eec  (<75fO  am/ttc).  Assigning  the 


*v» 

m 

r** 


values  Of  l  -  f.C  M,  vT  -  300  ft/sec  (16240  at/MC), 
’’col  "  0,,0‘  mnS  *DJ-  th*  w»w*  diagram  yields  ths  port 
flov  values  of  ut.  Pi,  ri.  Stc.  summarised  in  Table 
*-i.  The  rotor  design  values  for  this  ease  are 

*T  «  13,240  cm/ sec 
P  -  14,534  rpsi 
0  -  44  tubas 


A  400  ll»t  thrust  angina  with  tha  nm  angina  lnlat 
diiMtar  (e.g. ,  12  inches)  will  ha  vs  •  similar  wave 

diagram.  Tha  main  design  differences  will  Isa  a  smaller 
core  engine  mss  throughput  (a.g.,  5.4  lb/sac)  and, 
therefore,  a  Mallet  wave  rotor  or  at  least  aMller 
tubes.  The  port  locations  and  Intrinsic  gas  flow 
properties  will  be  the  sans  as  in  Table  4-2;  absolute 
mass  flows  for  each  port  will  be  reduced  in  the  same 
proportion  as  the  core  engine  mass  flow.  In  this 
case, the  only  wave  rotor  parameter  irtiich  needs  to 
change  is  the  tube  height  (e.g.,  from  2.6  to  1.1  cm). 

*.  a  DESIGN  SENSITIVITY 

Several  wave  rotor  preliminary  designs  related  to 
the  reference  case  described  above  have  been  developed 
to  illustrate  possible  Changes  in  the  basic  design 
parameters  which  cover  ths  range  of  parametsrs 
considered  in  the  now  code  analysis  of  wave  rotor 
performance.  Table  6-1  includes  the  other  illustrative 
design  examples  developed  using  ths  design  equations 
presented  in  Section  6.2  above,  such  as  cases  1  through 
6,  which  correspond  to  higher  oombustion  temperatures 


l  *  II  cm 
r  -  7.5  cm 
h  -  2.5  cm 

d  »  ,*o  cm 


<i.e..  TfpeaX )-  1500  r),  lower  combustion  temperatures 
(ces4  a  )i  higher  peak  pressures  (i.e.,  case  4  at 
P( peak >-  50  atm),  larger  nuetber  of  tubes  (i.e.,  eases 
2-4  at  N-47  tubes)/  higher  tip  speed  (i.e..  case  3  at 
Vt.22.4i0  cm/s),  lower  and  higher  wave  rotor  pressure 
ratios  (7.2  and  2.4.  respectively,  for  cases  10  ind 
11 )/  and  shorter  rotor  lengths.  These  oases  are  eiaply 
points  in  a  oontinuus  of  design  possibilities.  The 
*°,t  impressive  feature  is  their  overall  similarity. 
TT>ere  are  very  slight  dimensional  changes  'amongst  these 
casee.  The  greatest  differences  are  In  the  equilibrium 
wall  temperatures  amongst  those  oases  (e.g.,  cases  i-s 
and  4)  where  the  inlet  oembuetlon  tstperaturea  are 
different  compared  to  the  reference  case  7. 

In  simaaary,  the  designer  can  change  the  tip 
•peed,  rotor  length  and  radius,  and  tube  height  and 
width  to  acircsM.idate  a  variety  of  flow  and  oembustion 
conditions.  Ttie  rotor  wall  teaperetura  is  within 
present  day  materials  capabilities,  except  possibly  at 
the  higheat  oombuator  tesperatures  considered  (i.e., 

"  3S00*f).  At  the  upper  limit  of  T^^.  an  extra 
cooling  flow  of  the  compressed  air  can  be  used  to  keep 
the  rotor  wall  teaperature  within  bounds.  The  oooling 
flow  alao  allows  the  rotor  to  act  ea  a  recuperator  to 
help  increase  the  cycle  efficiency. 


Table  6-2 

EXAMPLE  OF  IDEAL  WAVE  DIAGRAM  FLOW  PARAMETERS 
FOR  PRESSURE  EXCHANGER  WAVE  ROTOR 
(See  Figure  3-1  for  Nomenclature) 
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7.1  TECHNICAL  Maorac 

TVo  buic  wav*  rotor  engine  cycl**  hav*  been 
considered:  thoa*  which  utilise  th*  wav*  rotor  to 

produce  shaft  work  (wav*  lotor/turbines )  and  thoa* 
which  use  th*  wav*  rotor  to  produc*  a  high  pressure  hot 
ga*  (pressure  exchange  wava  rotor* ) .  Both  on-  and 
off-deeign  thermal  cycl*  analyses  hav*  baan  carriad  out 
to  determine  th*  peak  angin*  performance  capabilities 
in  tarns  of  thruat-apacif ic  fual  consvstption  and  tha 
sensitivity  of  that  performance  to  design  and  operating 
parameters,  particularly  to  those  parameters  associated 
with  th*  wave  rotor  component .  Thi*  evaluation  has 
focused  on  th*  performance  of  angina*  in  th*  600  to 
1000  Lb{  class  for  a  range  of  pressure  ratio*  from  20 
to  50  and  p*aX  temperatures  from  2500*P  to  J500*F. 
More  specific  constraints  on  engine  core  site  and 
bypass  rstio  are  cited  below.  Typically,  tha  angina 
inlets  are  12  to  18  inches  in  diameter  with  a  core 
engine  inlet  diameter  of  it  to  7  inches. 

A  relatively  simple  thermal  cycle  code  has  been 
used  f->r  this  evaluation  in  order  to  keep  the 
dependence  of  the  results  on  wave  rotor  parameters  as 
direct  as  possible.  The  cycle  code  calculates  gas 
stream  properties  at  each  station  in  the  engine, 
including  pressure,  temperature,  and  mass  flow.  Kaal 
gas  effects  include  variations  of  the  specific  heat 
ratio  >  with  temperature  and  pressure  and  molecular 
weight  at  each  flow  station.  A  fuel  having  the  heating 
value  ( i . e . ,  is, eoo  BTU/lb^)  and  c/H  mole  fractions  of 
JP«  are  used  throughout  unless  otherwise  noted 

The  cycl*  calculation*  suggest  thut  a  r*i>r*iiCe 
design  wave  rotor  turbofan  using  a  pressure  exchange 
wave  i-  .or  may  operate  with  a  thrust -specific  ?uel 
consumption  ( T5TC )  in  the  range  of  0.65  to  0.75  for 

reasonable  bypass  ratios  (i.e.,  5  to  8 )  and  peak 

combustor  (wave  rotor  inlet  )  temperatures  of  2500  to 
3500*r.  The  wave  rotor  efficiency,  diecueeed  in  more 
detail  in  Section  4,  ha*  been  varied  from  0.60  to  0.80 
to  bracket  the  values  obtained  by  detailed  n>0W  code 
calculations.  Over  this  range  of  component 
efficiencies,  the  engine  TSrc  varies  by  5  percent 

(e  g.,  from  0.75  to  0.79  lb ^/lbj  hr  for  2500’F  peak 
temperatures  ) . 

The  chief  advantages  of  using  a  wave  rotor  are 
the  increased  cycl*  efficiency  afforded  by  the 
automatic  oooling  of  the  wave  rotor,  and  its  high 

component  efficiency  in  a  email  diameter,  high  pressure 
application.  In  particular,  rotor  wall  temperatures  do 
not  exceed  1400’r  for  combustion  temperature*  reaching 
3000T .  Additional  cooling  may  be  employed  in  a  hybrid 

rotor/recuperator  vereion  of  this  engine,  Which 
will  drop  the  rotor  temperature  to  1600*r  or  less.  The 
exhaust  from  th*  rotor  is  also  constrained  to  low 


*o  that  th*  turbine  inlet  te^eratures  can  ' 
be  kept  below  1*00*F  for  an  interesting  class  of  wav* 
rotor  turbofan  engines, 

7.2  DKSINE  CYCLES 

Th*  two  primary  engine  configurations  are  Shown 
In  Figures  7-1  and  7-2,  irtiich  illustrate  th*  location 
of  th*  wav*  rotor  component  relative  to  th*  rest  of  th* 
engine,  display  th*  thermal  cycle,  and  show  engineering 
sketches  of  the  engines.  Th#  pressure  exchanger  weve 
rotor  engine  version  illustrates  th*  main  flow  paths 
for  .  this  type  of  engine.  Partially  compressed  air 
•ntsra  th*  wav*  rotor  at  Station  1  from  th*  compressor 
where  it  la  compresoed  a  factor  of  2  to  2  more.  Th* 
oompresaed  air  leaves  th*  wav*  rotor  at  Station  2‘  and 
enters  th*  ooabustor.  Since  only  part  of  th*  fully 
heated  air  flow  is  needed  to  carry  out  compression  work 
on  th*  wave  rotor,  the  rest  of  the  air  flow  can  be 
diverted  at  4'  to  a  turbine  for  work  extraction.  Th* 
diverted  air  flow  should  only  be  heated  to  th*  maximum 
feasible  turbine  inlet  tempsraturei  the  peak  cycle 
temperature  can  be  much  highar  than  turbine  inlet 
temperature  because  the  wave  rotor  is  more  robust  than 
th*  turbine  and  is  an  actively  cooled  component.  The 
flow  stream  at  peak  cycl*  temperature  re-enters  the 
wave  ro.or  at  4  where  it  compresses  the  incoming  cold 
air  by  expanding  against  it  before  exhausting  at  5  to 
the  lower  preaaur*  turbine.  The  diverted  flawstream 
passes  through  th*  high  pressure  turbine  and  expands  to 
a  pressure  at  5*  equal  to  the  combustion  gas  pressure 
(at  5)  where  they  axe  recombined  (Station  6)  before 
entering  th*  low  pressure  turbine  at  a  reasonable 
turbine  inlet  teaperatur* .  Some  mixing  losaaa  occur  at 
this  stage  in  which  the  higher  temperature  gases  lose 
some  of  their  svallable  work. 

In  the  pressure  exchange  wave  rotor  engines,  the 
wave  rotor  shaft  is  driven  independently  from  the  other 
component*  so  that  the  shaft  can  be  co-axial  and  in 
line  with  the  other  rotating  components  or  it  can  be 
mounted  transverse  (i.e.,  at  right  angles  to  the 
turbine).  Th#  precis*  orientation  does  not  influence 
the  cycl*  calculations  for  the  model  used  here.  In  an 
actual  engine,  th*  rotor  placeamnt  will  influence  the 
duct  lengths  and  the  amount  of  duct  turning  and  will 
have  an  effact  on  the  cycle  performance.  Which  must  be 
included  in  a  store  detailed  evaluation. 

Th*  second  primary  engine  configuration,  shown  in 
Figure  7-2,  incorporates  a  wave  rotor/turbin* .  The 
wave  rotor/turbin*  engine  differs  in  several  important 
respects  from  th*  preasur*  exchange  wave  rotor  engine. 
First,  shaft  work  is  extracted  so  that  the  wav*  rotor 
ia  Integrally  connected  to  the  co**>r#ssor.  Therefore, 
th*  wave  rotor  tip  speed  must  be  chosen  to  match  the 
exmpressor  speed.  Also,  the  exhaust  gases  from  the 
combustor  may  be  expanded  through  th*  wave  rotor  in 
several  passes,  requiring  ducts  to  re-route  partially 
expanded  gas. -7  back  onto  th*  rotor  for  further 
expansion.  The  cycl#  calculation  also  differ*  since 
the  principal  output  from  th*  wav*  rotor  ia  shaft  work 
Instead  of  available  work  of  gas  expansion. 


321 


*v 


«»'  flow  tch«a*tU 


ft)  n«m]  Cyci* 


r«f«- 

. . . 

to*to~* 

*•  to**)* 


ic )  fxttc^ 


*?-:*€■  7-1.  Frcssure-  Exchanger  Wave  Rotor  Turbofan. 
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Figure  7-2.  Wave  Rotor/Turbine  Turbofan 


W**  e/cls  analysis  prcowds  in  th#  mm  atannar  aa 
*  oonvsntional  turblna  angln*  eycl*  calculation.  Th* 
prassurs  exchanger  mv*  rotor  can  ba  considered  a a  a 
compressor- turbin*  Domination  with  compression  (ij  ) 
and  expansion  <»>„>  efficiencies  for  aach  process. 
Slno*  th*  work  p*rfons*d  by  th*  expanding  combustion 
gawa  equals  th*  work  don*  to  compress  th*  incoming 
air.  w*  can  writ*  that  enthalpy  balano*  aa 

"a^O")  “  h(*)]  *  “afh*)  "  h(5)l  t7_iJ 

«dt*r*  h  -  e  l,  «4  »  m4,  -  mj,  4  mf  and  »4,  -  mf,  4  mj. 

and  *y  la  th*  fu*l  flow.  A  detailed  oonaldaratlon 
•hew*  that  th*'  wav*  rotor  work  transfer  efficiency 
1>H''*..VR*CS  T#./Ta.  (*.g..  •#•  Section  3.4). 

Calculations  proceed  as  follows.  Inputs  Include 
th*  flight  Mach  ntssber  and  altitude,  peak  eosdxistion 
tseperatur*.  and  maximum  inlet  temperature  to  th*  high 
pressure  turbine-.  •  POlyrrople  efflci*nci*s  are  Ml*ct*d 
for  th*  oompretsdr,  fan,  and  turbin*  components.  A 
burner  efficiency  is  also  e*lect*d.  and  th*  values  of 
hR  and  V^g.  *r*  chosen  to  b*  in  th*  rang*  of  values 
computed  frtsn  th*  flow  cod*  (a*  discussed  In 
Section  4).  A  total  engine  thrust  (e.g..  COO  lb£ )  and 
engirt*  diameter  (e.g.,  12  Inches)  arc  selected  in  order 
to  compute  the  required  engine-epeclflc  thrust  (1.*., 
ST  In  flbf/lbw-hr]  of  air).  Th*s*  values  are  then  used 
to  oomput*  the  optlwa  bypass  ratio  and  fan  pressure 
ratio  that  give  th*  ainimsn  TSrC .  Alternatively,  these 
parameters  may  be  specified  and  the  calculations 
provide  the  corresponding  TStC.  Ths  reaainder  of  the 
cycle  calculations  provide  th*  tsmp*rcturss,  pressures, 
and  flow  ratss  at  aach  station. 

7.1  CN-OE5IGM  FPFOtoMCE 

Results  of  on-dssign  cycls  calculations  are  shown 
in  Figures  7-3  to  7-5.  Figure  7-3  illustrates  TSFC  for 
several  combustion  tsmperatures  as  a  function  of  the 
overall  pressure  ratio.  The  optimise  bypass  ratio  and 
the  inlet  teaperature  to  the  lnw  pressure  turbine  are 
shown  as  pairs  of  numbers  at  point*  along  each  curve. 
Th*  low  pressure  turbin*  inlet  temperature  stay  be 
higher  than  high  pressure  turbin*  inlet  temperature; 
realistic  solution*  would  normally  be  constrained  to 
th*  urn  temperature  or  lower.  Figure  7-4  Shows  the 
sensitivity  of  th#  TSFC  to  wsv#  rotor  efficiency  for 
th*  engine  pressure  ratio  37.5  and  peak  temperature  of 
2500*F.  The  TSFC  varies  approximately  5  percent  over 
the  rang*  of  yw  values  considered.  The  lack  of  TSFC 
sensitivity  to  i)w  suggests  that  the  wav*  rotor  ic  a 
relatively  low-risk  approach  to  advanced  turbofan 
engine  development  sines  its  component  efficiency  is 
not  very  critical  to  th*  overall  engine  perfonaanc*  in 
this  configuration. 

Finally,  we  present  in  Figure  7-5  a  combination 
of  fan  variables  (bypass  ratio  and  pressure  ratio) 
tdtiCn  indicate  the  minimtai  locus  of  TSFC  as  •  function 
of  specific  thrust.  Th*  specific  thrust  is  identified 
for  several  different  engine  diameters  at  400  lb,  and 
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3000  Xbf  thrust.  A  substantial  gain  In  TSFC  la 
available  If  th*  angina  diameter  D  can  lncraaaa  from 

•ng 

3!"  to  J4"j  furthar  improvement  la  possible  If  tha 
angina  la  34"  in  diameter,  but  at  this  air*  tha  bypass 
ratio  la  quit#  3arg*.  Ona  would  hava  to  oo- alder  a 
gaarad  fan  or  a  daratad  fan  afficlancy  If  an  angina  of 
thia  air*  and  bypaaa  ratio  la  contemplated  for  400  lbf 
thruat  •  Figure  7-5  also  may  ba  uaad  for  any  angina 
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where  D  Jo  the  core  engine  inlet  dlaneter  ae earning  a 
1:3  hub-to-tip  ratio  and  Mq  «  0.65  at  aaa  laval.  The 
minimum  TSTc  indicatad  by  the  daahad  llna  in  Figure  7-5 
ie  achieved  for  eaaentlally  constant  (e.g.,  5'  diameter 

for  600  lb,  thruat)  core  engine  aire  at  D  «  32”, 
x  ang 

34”,  and  36”.  That  la,  the  bypaaa  ratio  corresponding 

to  Bununum  TSTC  increases  juat  anough  with  angina  aiae 
to  eliminate  any  chan  gee  in  the  core  engine  diameter . 


WAVE  ROTOR  ADIABATIC  COMPONENT  EFFICIENCY,  n 

w 

Figure  7-4.  Effect  of  Wave  Rotor  Efficiency  r^.  on  Thrust 
Specific  Fuel  Consumption  (TSFC)  at  a  parti¬ 
cular  peak  pressure  and  temperature. 
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Ficure  *7-3.  Variation  of  Thrust  Specific  Fuel  Consumption 
(TSFC)  with  Pressure  Ratio  for  Several  Peak 
Cycle  Temperatures  T^. 
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Figure  7-5.  Mininum  Thrust  Specific  Fuel  Consumrtior 

(TSFC)  vs.  Specific  Thrust  (ST)  for  various 
bypass  ratios  (BPK)  and  far.  pressure  ratios 
(Tj)  for  small  wave  rotor  turbofan  engines. 


Similar  adn(TSFC)  envelopes  art  plotted  in 
Figure  7~*  for  two  values  of  th*  wove  rotor  work 
transfer  efficiency.  The  dashed  line  In  Figure  7-4 
Indicates  the  potential  advantages  of  also  using  the 
totoi  as  a  recuperator .  More  detailed  calculations  for 
the  recuperated  case  need  to  be  carried  out  to  evaluate 
the  effects  of  pressure  loss  during  the  second  pass  of 
compressed  air  through  the  rotor.  The  estimates  shown 
in  this  figure  are  positive  enough  to  warrant  further 
study  of  this  approach. 


SFICirie  TMr.'JT,  lbf/ltr/ae: 

Fioure  7-6.  Imract  of  Wave  Kotor  Component  Efficiency  and 
Recuperation  o.n  the  envelope  of  minimum  TSFC 
values  for  the  vave  rotor  turbofar.  conditions 
shown  in  Figure  7-5. 


Rather  little  information  le  available  on  the 
cowponent  efficiencies  of  5"  diameter  compressors  and 
turbines  using  air  and  oombustion  gas.  The  most 
rslsvant  recent  literature  oomas  from  the  Osvelofment 
of  the  suteswtive  gas  turbine.*25*  Earlier  data  also 
exists  for  small  rotating  turbogenerator  units 
developed  for  space.* 26 *  Each  of  these  sources  supports 
adiabatic  turbine  efficiencies  on  the  order  of  0.*9  and 
adiabatic  compressor  efficiencies  of  0.S5.  The  fan 
sfficisnciss  must  be  intuited  by  scaling  dewn  data  from 
large  engines.  We  have  estimated  i )fmn  as  0.115.  A 
nominal  combustion  efficiency  of  0.97  is  assumed. 
Diffuser  and  noasle  efficiencies  are  taken  equal  to 
unity  in  order  to  give  the  uninstalled  thrust —specific 
fuel  consumption  on  a  basis  comparable  to  other  engine 
studies. 

Typical  values  for  the  work  transfer  efficiency 
of  the  wave  rotor  range  from  *5-75%  for  Mall  (i.e., 
5  lb(m)/seO  wave  rotors  up  to  *5%  for  large  wavs 
rotors  (100-500  lb(a>/sec).  The  impact  of  finite  wave 
rotor  efficiencies  can  be  computed  by  evaluating  the 
ratio  of  the  change  in  air  stream  enthalpy  to  the 
combustion  gas  enthalpy  as  the  two  streams  traverse  the 
rotor. 
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where  r  -  T^/Tj,,  0  “  *V,V<*  *:a  *  *  (>-»>/>• 

Thus,  the  effect  of  finite  component  efficiencies  is  to 
limit  the  amount  of  useful  work  that  can  be  extracted 
from  the  topping  stage  gas  streams.  Figure  7-7  graphs 
the  net  work  available  from  the  outlet  gas  streams 
divided  by  the  work  available  in  the  inlet  oombustion 
gases  as  a  function  of  various  work  transfer 
efficiencies  and  the  pressure  ratio.  «s  an  example, 
for  r  -  2.S4  and  -  0.*5  (e.g..  for  a  small  wave 
rotor  engine),  the  wave  rotor  pressure  retio,  F^/Pj, 
must  be  2.5  or  less  in  order  for  the  topping  stage  to 
have  a  strong  positive  effect  (e.g..  Ret 

>  .25  *ln)  in  the  overall  engine  cycle.  This 
relationship  defines  the  minimum  acceptable  work 
transfer  efficiency  for  any  given  engine  cycle  and  aete 
the  stage  for  establishing  wave  rotor  test 

requirement;) . 


.1  ,r» 

Figure  7-7.  Net  Output  Work  Available  fror.  Pressure 
Exchanger  Wave  Rotor  for  several  compo¬ 
nent  efficiencies  (hw)  and  peak-to-rotor 
inlet  temperature  ratios  (7)  vs.  wave 
rotor  pressure  ratio,  Pf  (o=y-l/'i ) . 


7.4  CPP-CeSKK  FERFDfMURE 

An  analysis  of  off-design  engine  performance  was 
conducted  to  determine  the  inlet  and  outlet  flew 
requirements  for  the  wavs  rotor  or — orient* .  These 
requirements  are  used  as  input  pram*  tars  for  the 
off-design  wave  rotor  flow  oode  cal  w  let  ions  in  order 
to  confirm  the  wave  rotor  component  efficiencies  used 
in  the  cycle  calculations.  The  chief  value  of  these 
results  is  to  detenaiue  the  sensitivity  of  part-load 
engine  performance  to  the  wave  rotor  component . 
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An  example  of  ths  results  of  off-design  angina 
calculation*  art  shewn  In  Figure  ?-«.  These 
calculation*  allow  on*  to  aumlna  off-design  operation 
%A\*n  th*  flight  speed  and  altitude  are  varied .  the 
off-design  model  relate*  th*  manner  In  which  parameter* 
auch  a*  th*  oa**  flow  through  th*  engine,  shaft  rpm, 
and  Internal  preaaura*  and  taoperature*  will  change  In 
concert  with  each  other  to  aaintaln  a  self-oonsistent 
eat  of  value*  representing  actual  engine  operation  at 
part  load,  ih*  oodel  predict*  th*  change*  In  engine 
thrust  level,  fuel  oonsiaqptlon  rate,  and  flow 
properties  at  each  station  fox  th*  desired  off-design 
condition*. 


Th*  fractional  change  In  TfFC  with  flight  speed 
**  ••••I'tltlly  linear,  laproving  at  slower  spaed*  and 
deteriorating  at  higher  speed*,  tn  every  ease,  the 
peroent  change  in  TSFC  la  lea*  than  th*  corresponding 
®*fe*l't  change  in  flight  speed,  implying  that 
off-design  performance  la  relatively  insensitive  to 
flight  speed.  A  more  ocoplete  analysis  of  airframe  and  1 
mission  conditions  is  required  to  carry  out  off-design 
ongina  calculations  where  flight  speed  and  peak 
temperature  vary  together,  me  My  conclude  that  the 
wove  rotor  ocuponant  preserve*  its  advantages  for  good 
overall  engine  pexfoxmane*  in  both  on-  and  off-design 
operation. 


me  have  examined  off-design  operation  with  flight 
Kach  makers  ranging  from  50*  to  140%  of  th*  reference 
value  of  O.cs  in  order  to  include  dash  capability 
during  a  portion  of  th*  mission. 


t»  Xp.o.M.  mretnc  .*44 


Figure  7-E.  Off-Otsign  Cycle  Calculations  for  a  Wave 
Ret  or  Turbofar.  Engine  showing  percentage 
changes  in  TSFC  for  variations  in  combustor 
tenoeratur*  Tj,  variations  in  flight  speed 
Kc-  Shaded  regions  indicate  high  sensitivity 
of  T3FC  to  cycle  or  flight  parameters. 


The  horizontal  axis  of  Figure  7-«  shows  th* 
fraction  greater  or  lees  than  th*  reference  value  (1.0) 
taken  by  the  peak  cycle  temperature  T ^  and  flight 
speed  M  .  The  vertical  axis  measure*  th*  fractional 
change  in  thruet-spedfic  fuel  ooneimptlon  (TSFC) 
compared  to  1  positive  values  of  this  variabl# 
imply  values  of  TSFC  lower  than  th*  reference  value*. 

For  mail  variation*  (*10%)  about  th*  reference 
flight  speed  and  peak  cycle  temperatures,  th* 
fractional  change  in  TSFC  le  lea*.  than  *5%,  implying 
local  insensitivity  to  off-deaign  performance. 

For  rx  much  less  than  (r^)^  TSFC  deteriorates 
rapidly.  However ,  very  reasonable  of f-d*eign 

, _ ; _ persists  for  higher  than  fTx^r*f 

suggesting  that  the  wav*  rotor  turbofan  engine  might  be 
very  well  suited  for  mission*  Involving  a  high  speed 
segment . 
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On  th*  basis  of  th*  results  presented  above.  It 
is  possible  to  select  reference  design  conditions  for  a 
•00  lb(  thrust  wav*  rotor  turbofan  engine.  This  design 
is  preliminary  and  involve*  just  th*  first  estimatss  of 
flew  conditions,  disasters,  and  performances  calculated 
from  th*  cycle  oodee.  Additional  analysis  and  design 
would  be  needed  to  arrive  at  optimised  performance. 


Th*  COO  Ibf  thrust  engine  has  a  TSFC  -  0.77*  for 
a  12*  diameter  engine;  a  1000  lbf  thrust  engine 
exhibit*  a  TSFC  of  O.e*  for  the  same  engine  diameter. 
The  design  valuas  for  a  *00  lbf  thrust  engine  are 
summarised  in  Table  7-1.  Clearly,  we  can  expect 
substantial  improves*  nt  by  saving  to  larger  engine 
diameter*  (and  correspondingly  larger  bypass  ratios)  as 
indicated  in  Figure  7-«.  Further  optimisation  would, 
therefor*,  also  require  s  sharper  definition  of 
particular  mission  require ms nts  in  order  to  delineate 
Such  things  as  the  maximum  allowed  engine  dlemeter, 
bypass  ratio,  stc. 


It  is  worthvdill*  noting  from  the  reference  design 
that  th*  combustor  te^mratur*  (i.*.,  peak  cycle 
temperature)  is  2500*F  (1647  K  at  station  4),  but  the 
turbine  Inlet  temperatures  are  maintained  at  2000’r. 
Th*  wave  rotor  wall  temperature*  are  also  below  1500 ’r, 
so  that  no  new  materials  development  is  required  for 
this  engine . 

As  new  high  temperature  materials  do  bscoam 
available,  th*  wavs  rotor  will  always  be  able  to 
maintain  a  higher  inlet  temperature  ttvan  turbines  mad* 
of  th*  ease  materials.  Thus,  th#  wave  rotor  will  boost 
cycle  performance  for  a  given  turbine  materials 
technology  and  protect  th*  turbines  from  excessive 
temperatures . 

Figure  7-*  illustrates  th*  stresses  required  to 
produce  1%  creep  in  10,000  hours  for  a  variety  of 
candidate  rotor  material*.  Th*  tip  speeds  producing 
these  stresses  are  indicated  on  th*  right  side  of  th* 
figure.  Mvi  rotors  generally  involve  much  lower  tip 
speeds  (s.g.,  250  to  500  ft/sec)  oomparsd  to  gas 

turbines,  so  the  material  stress  limits  are  not  reached 
until  th*  rotor  temperature  rises  to  considerably 
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Table  7-1 


Preliminary  Reference  Design  Values 
for  60C  lbf  Thrust  Wave  Rotor  Turbofan  Engines 
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higher  level*  than  a  gas  turbine  can  sustain.  Typical 
values  of  the  rotor  wall  temperatures  computed  wore  on 
the  order  of  leoo  r  or  less.  Tor  the  recuperated 
versions  of  the  wave  rotor,  the  wall  temperature  was 
closer  to  1700  P.  Pigure  7-*  shows  that  existing 
nickel  alloys  can  be  used  for  these  rotor  conditions 
(shaded  rectangle). 


Figure  7-9.  Stress  to  Produce  It  Creep  i«  10,000  Hours 
vs.  Rotor  Wall  Temperatures  (shaded  rect- 
shows  wave  rotor  operating  regime). 


Another  important  aspect  of  thermal  design 
Ineolvss  ths  sffsets  of  thermal -mechanical  fatigue,  as 
ths  rotor  goes  through  one  eomplete  cycle,  both  hot  and 
oold  gases  are  exposed  to  the  rotor  tube  walla,  and  the 
tub#  walls  also  hews  boon  subjected  to  cyelle  pressure 
Imbalances  due  to  ths  fact  that  ths  waves  in  adjoining 
tubes  are  located  In  slightly  different  axial  positions 
at  any  given  time.  Initial  calculations  indicate  that 
ths  nickel  alley  cyclic  fatigue  limits  wgre  not 
exceeded  for  several  hours  of  operation.  However, 
those  constraints  need  to  be  re  examined  carefully  for 
extended  operation  under  different  flow  conditions. 

7. a  comctxtiams 

Performance  calculations  for  the  wav*  rotor 
turbofan  based  on  a  pressure  exchangs  wave  rotor 
indicate  1cm  (o.*r  to  0.75)  thrust-specific  fuel 
consumption  from  on-design  (s.g. ,  full  load 
TSPC  -  .775)  conditions  to  off-design  (50%  flight  speed 
T5PC  *  0.121)  conditions .  These  results  are  not  vary 
sensitive  to  the  wave  rotor  oemponent  efficiency  for 
ths  range  of  ealuss  of  dw  predicted  by  more  detailed 
flow  ood#  calculations.  the  corresponding  engine 
designs  suggest  that  this  performance  may  be  achieved 
for  engines  in  ths  500  lb  to  lOOO  lb  thrust  categories 
(at  0.55  Mach  number,  see  level  conditions)  having 
entrance  diameters  of  12  inches  to  14  inches,  end 
bypass  ratios  of  4  up  to  li  ths  core  engine  diaamter 
(i.s.,  compressor  inlet  diameter)  for  these  esses  was 
nearly  constant  at  5  inches  (s.g.,  for  the  500  ?b  f 
engine)  assuming  a  lil  tip-to-hub  ratio  for  ths 
compressor. 

Wav*  rotor  wall  temperatures  and  turbine  gas 
inlet  temperatures  are  maintained  at  or  below  1*50*P  so 
that  no  new  materials  development  would  be  required  for 
such  engines,  k  preliminary  reference  design  at  500 
lbs.  thrust  provide*  the  basis  for  s  more  'detailed 
evaluation  in  tdiich  specific  design  questions  involving 
the  integration  of  a  wavs  rotor  with  ths  rest  of  ths 
engine  may  be  addressed. 
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ABSTRACT 


PERFORMANCE  PREDICT? OHS  FOR  GAS  WAVE  TURBINES 
INCLUDING  PRACTICAL  CTCLES  WITH  W33C  SPEED  RANGE 

R.D.  Pearson 

A  design  pzocsdurs  is  first  dsscribsd  which  starts  with  "quasi-static" 
thermodynamic  analysis  based  on  special  pressure  solus*  diagram,  this 
permit*  overall  conditions  to  be  assessed  such  as  total  gas  transfer 
quantities,  pressures  and  the  coabustion  gas  inlet  temperatures 
required.  Losses  are  evaluated  by  specifying  polytropic  efficiencies 
for  each  stage  of  the  cycle.  Leakage  and  heat  transfer  effects  are  also 
allowed. 

Design  point  wave  diagrams  follow  using  the  data  input  from  quasi  static 
analysis  and  this  introduces  the  author's  "half  wave  plateau"  means  for 
po.Taittinq  a  speed  range  to  be  accomodated.  It  also  minimises  cell 
opening  loss  and  this  critical  area  is  discussed  in  son*  detail.  The 
wave  diagram  starts  in  rudimentary  form  to  assess  overall  conditions  for 
cycle  closure,  then  detailed  mape  can  be  finalised.  These  in  turn  allow 
heat  transfer,  leakage  and  friction  effects  to  be  assessed  as  well  as 
integrating  flows  and  net  torque. 

This  calibrates  the  quasi- static  model  so  permitting  it  to  be  used  for 
performance  estimation  over  a  wide  range  of  conditions  without  need  to 
draw  more  wave  mape.  these  are  used  as  toppers  for  gas  turbine  cycles 
since  this  is  their  real  niche.  Naturally  aspirated  GWT’s  are  shown  to 
be  unattractive  as  they  would  be  bulky  and  heavy  without  being  very 
energy  economic.  These  disadvantages  ars  shown  to  vanish  with  combined 
GWT-C7T  systems.  Applications  are  shown  to  bypass  jet  engines  for 
missiles  and  aircraft  and  to  industrial  power  generation. 

A  very  Important  new  field  is  analysed  for  improving  the  utilisation  of 
coal.  The  raw  pulverised  coal  is  first  volatilized  at  high  pressures  of 
some  60  ATM  using  a  CMPT-QT  combination  to  supply  air  at  this  pressure 
for  providing  the  required  heat.  Oxygen  is  usually  employed  but  is  a 
much  more  expensive  method.  About  25%  of  the  coal's  energy  content 
will  be  extracted  as  gas  together  with  some  t%  as  tar.  The  lattes  is 
for  hydrogenation  to  liquid  fuels. 

Residual  char  with  ash  is  discharged  for  atmospheric  gasification 
because  for  this  stags  residence  times  of  up  to  20  minutes  can  be 
required  as  compared  with  only  2  seconds  for  the  highly  reactive  first 
stage  and  so  pressure  vessels  would  be  very  large  and  expensive.  The 
gas  is  cooled  extracting  2S%  of  initial  char  energy  for  steam 
superheating .  Then  it  is  cleaned  of  SOj  and  ash  before  recompressirtg 
for  use  in  a  combined  steam  GMT  cycle . 

Bare  the  GMT  ia  shown  to  score  heavily  over  a  purs  OT  staaa  combined 
cycle  because  of  its  capacity  to  provide  very  high  exhaust  temperatures 
of  up  to  900°C.  This  enables  the  GMP-eteam  energy  paths  to  be  placed 
in  series  so  providing  true  topper  economy. 

Plain  gas  turbines  have  to  be  used  largely  in  parallel  with  steam  sets 
and  so  do  not  really  operate  as  toppers  offering  little  energy  economy, 
l.e.  a  raising  of  thenaal  efficiency  fro*  36%  to  41%  is  claimed  but  the 
GMT  could  increase  this  to  55%. 
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1.0  Introduction 

Gas  wive  turbines  (GMTs)  are  aachines  which  use  pressure  waves  for 
compression  and  expansion  of  gases  within  cell  rotors  in  the  known 
aanner  of  pressure  exchange  but  also  provide  shaft  power  froai  the  change 
in  whirl  momentum  as  gases  enter  and  leave  the  cells,  cycles  involve  a 
low  pressure  scavenging  stage  in  which  cells  are  filled  with  cool  air 
and  at  msatimsi  cycle  pressure  a  high  pressure  scavenging  stage  extracts 
this  air  and  refills  cells  with  hot  cosbustion  gas.  Between  these  axe 
compression  and  gas  expansion  stages  where  the  strongest  pxessuxs  wave 
ef facts  are  utilised.  An  experimental  engine  of  9  inch  rotor  six*  has 
already  demonstrated  feasibility  (Pearson  (1)  &  (2).  At  the  time  this 
was  called  a  “Pressure  Exchange  Engine",  a  name  still  retained  in  a  new 
I.C.  Engine  publication  (6)  but  a  change  to  gwt  seems  necessary  since 
the  old  nase  causes  confusion  with  diesel  engine  superchargers .  (it  was 
classified  so  at  the  1983  cxmac  Conference  in  Paris  (1)). 

Such  engines  have  little  to  offer  in  naturally  aspirated  form  except  in 
certain  small  portable  military  electric  generators  and  some  heat  and 
power  co-generation  schemes  needing  low  maintenance  and  long  life. 
Bcwever,  as  topping  stages  for  gas  turbines  and  in  combined  cycle 
applications  performance  calculations  show  that  much  hotter  fuel  economy 
and  specific  power  should  be  achievable  than  when  gas  turbines  ex*  used 
alone.  Mao  recuperators  or  regenerators  are  rendered  unnecessary. 

The  GWT  has  an  inlet  port  extending  over  only  about  V»  of  the  rotor 
blade  annulus  and  so  is  unable  to  swallow  an  airflow  comparable  with 
that  of  an  axial  compressor.  When  supercharged  this  becomes  an 
advantage,  however,  since  the  high  pressure  blading  of  axial  compressors 
become  inconveniently  short.  But  the  main  advantage  accrues  from  the 
very  high  permissible  gas  inlet  temperature  made  possible  by  the  cooling 
effect  of  fresh  charge  alternating  with  admission  of  hot  combustion  gas. 
As  a  rough  working  rule  optimum  conditions  are  realised  when  the  fully 
mixed  exhaust  temperature  from  the  GMT  topping  stage  is  equal  to  the 
maximum  permissible  temperature  of  the  turbine  used  for  providing  boost 
and  this  will  approximate  the  leading  edge  temperature  of  the  cell  rotor 
-  normally  the  hottest  part. 

A  simple  introduction  giving  the  basic  principles  of  pressure  exchange 


and  describing  km  working  cycles  is  given  in  an  accompanying  papsr  *A 
Gas  Wavs  Turbins  which  developed  35  Boras  Power  and  performed  ovsr  a  6tl 
speed  rang#"  (2).  It  will  ba  wsisia  that  ths  rsadsr  is  familiar  with 
thsss  principlss  and  basic  geometry.  A  start  will  now  ba  made  by  first 
discussing  methods  of  parformanca  analysis  and  this  will  ba  followed  by 
detailed  mathematical  evaluation. 


1.1  Beat  Transfer  and  nixing 

Beat  transfer  calculations  clearly  fora  an  important  part  of  any 
analysis  involving  gwts.  Beating  of  fresh  charge  and  cooling  of  hot  gas 
reduce  the  effective  cycle  teaperatuxe  ratio  on  which  the  GWT  depends 
and  so  have  adverse  thermodynamic  effects  which  are  taken  into  account 
in  the  following  analysis.  Also  the  balancing  of  total  heating  and 
cooling  effects  determine  the  rotor  temperature .  During  gas  admission 
turbulent  forced  heat  transfer  is  the  dominant  mode  but  there  axe 
substantial  phases  within  ths  cycle  when  rotor  blades  have  no  forced 
component  but  natural  convection  in  the  very  high  acceleration  produced 
by  rotation  is  significant  and  needs  inclusion.  Also  radiation  to  the 
cooler  stators  needs  taking  into  account.  Printion  heating  during  low 
pressure  scavenge  also  raises  the  effective  ninlsua  temperature  and  has 
a  significant  adverse  effect  Apart  from  the  friction  lose  itself. 

To  minimise  the  effects  of  heat  transfer  and  friction  the  cell 
pitch/chord  ratio  should  not  be  too  smell.  Unfortunately  losses  caused 
by  opening  and  closure  to  stator  ports  increase  in  proportion  to 
pitch/chord  ratio.  So  them  is  an  optimum  value  which  can  only  be 
determined  by  rigorous  and  detailed  calculation.  Greatest  "port  edge* 
leases  arise  as  the  cell  outlet  ends  open  to  ducts  at  lower  pressure 
since  initial  velocities  axe  high  and  tbs  port  sdgs  causes  deflection  in 
an  adverse  direction,  rig.  2  illustrates  this  deflection  using  results 
from  water  channel  tests.  Bowever,  a  nuetoer  of  expedients  can  ba  used 
to  minimise  this  effect  and  although  sue h  means  are  not  described  in  the 
text  it  is  assumed  one  has  been  adopted. 

Another  problem  arises  from  exhaust  gas  left  in  the  cell  ends  after  1cm 
pressure  scavenge.  Nixing  effects  between  air  and  exhaust  gas  ware 
found  to  be  much  greater  than  anticipated  in  the  teats  so  that  ths 
average  effective  teeperature  at  the  start  of  ooepression  was  excessive. 


!)5 


evils  of  sue h 


This  ms  a  primary  cause  of  emoeesive  ges  inlet  temperature  and  failure 
to  achieve  target  performenob. 

Sslppsl  (3)  described  bow  Mixing  could  bo  si  nisi  sod  by  using  helical 
colls  so  that  contact  surfaces  could  sews  through  the  rotor  in  an 
absolute  direction  so  avoiding  centripetal  acceleration  Mich  is  the 
Primary  nixing  agent.  It  is  however  impractical  to  use  cells  of  such 
high  stagger  and  so  nixing  will  always  be  a  problen.  It  can  be 
minimised  in  various  ways  but  about  a  20%  overscavenge  seem  to  be 
needed  in  order  to  sweep  out  neat  of  the  nixing  ions.  the 
disadvantages  are  extra  scavenge  losses  and  particularly  the  dilution  of 
exhaust  t separators,  a  sain  advantage  of  the  owr  being  its  ability  to 
provide  a  hot  exhaust.  Cycles  can  be  designed  which  minimise  the  net 
overscavenge  end  yet  avoid  trapping  excessive  exhaust  gas. 


It  can  be 


to  be 


there  la  no  substitute  for  mvs  plotting  either  graphically  or  by 
<*M*>ter  for  first  designing  GMTs  end  estimating  performance.  these 
methods  require  considerable  tine  and  effort  and  for  more  rapid 
evaluation  over  a  wide  range  of  conditions  a  thermodynamic  method  can  be 
used,  this  regards  all  processes  as  quasi  static  and  Ignores  mvs 
effects  directly,  but  losses  associated  with  than  and  other  flow  loanee 
including  nasals  and  cell  opening  losses  are  taken  into  account  by  a 
polytropic  flow  efficiency,  the  Utter  usee  one  or  sore  wave  plots  for 
its  calibration  and  in  general  a  value  of  about  tot  la  found  to  be 
reasonable.  nafaieaov  to  the  “pressure  volume*  disarm  is  more 
ssanlngfui  than  the  temperature  entropy  state  llagrem  in  general  use 
fur  turhnss  chirrs. 


Many  investigators,  having  a  background  in  conventional  gas 
turbcnschlnsry,  prefer  to  represent  pressure  exchange  or  ONY  processes 
on  a  tmperature-entropy  diagram  and  ignore  pxvseure-voluse  (i.e.  *>V) 
analysis.  milst  this  is  perfectly  males  ibis  for  specifying  end  to 
end  gas  states,  the  approach  fails  to  allow  of  sufficient  detail  and 
•metises  lseds  to  misunderstanding  and  incorrect  interpretation.  rot 
example,  most  authors  refer  to  "compression  efficiency*  for  these 
machines  and  apply  the  same  criteria  ae  for  axial  or  centrifugal 
compressors.  Out  the  latter  are  adiabatic  sachlme  and  it  is 
admissible  in  mch  cases  to  calculate  efficiency  from  measured  pressures 


-V  Jg  «-r- vr*.  nr  m 


--- 


and  t—fnratures.  Pressure  exchange  is  essentially  non-adiabatie  and 
indsad  hast  transfer  affects  produce  tosperatuxe  incxaasas  scan  five 
tints  those  attributable  to  friction  without  raprasantinq  loaaas  in 
coaptssaion  afficiancy.  There  is  tharafora  no  diract  relation  batwaan 
coapraasion  afficiancy  and  Measured  ttnpsraturas  and  pressures.  indsad 
it  is  virtually  iapossibla  to  assign  any  aaaning  to  tha  tars 
"coapraasion  afficiancy"  for  prassura  exchange. 

Ona  instance  of  oonplate  sisintarpratation  becase  evident  whan  one 
researcher  in  the  field  recently  stated  that  in  tha  high  pressure- 
scavenging  stage  tha  contact  surface  aust  not  be  allowed  to  pass  through 
tha  calls  as  this  would  causa  hot  gas  to  be  discharged  with  tha 
coapxesaed  air.  so  increasing  tha  naan  *  teapercture  and  tharafora 
reducing  coapraasion  afficiancy.  P-v  analysis  issad lately  shows  this 
conclusion  totally  invalid.  Ovsrscavanga  in  tbs  high  prassura  stage 
has  no  affect  on  losses  except  for  tha  seal  I  extra  friction  involved  in 
tha  increased  seas  transfer  and  so  has  virtually  no  offset  on  not  power 
output.  On  tha  other  hand  air  left  in  tha  call  ends  is  unavailable  for 
coabustion  and  so  leads  to  a  higher  than  theoretical  maxl—si  coabustion 
teaperature  as  tha  feel  flow  is  fixed  for  a  given  prassura  ratio.  Vo 
allow  for  alxing  and  stratification  a  degree  of  high  prassura 
ovsrscavanga  is  in  fact  highly  dasirable.  this  shows  how  careful  one 
needs  to  be  in  tha  understanding  of  pressure  exchange  fundasentals. 

P-v  analysis  starts  free  an  Initial  trapped  Charge  temperature  and 
prassura.  evaluated  from  heat  transfer  and  friction  analysis,  plus 
allowance  for  scan  residuals,  the  required  hot  gas  inlet  temperature  is 
than  evaluated  by  thexeodynaslc  analysis.  Indsad  wave  plotting  cannot 
start  until  this  has  bean  fixsd  so  is  coaplaaentary  to  P-V  based 

theznodynaatic  analysis. 

Leakage  affects  also  need  taking  into  account,  the  author  is  of  tha 
opinion  that  unshrouded  rotors  will  not  be  feasible  for  supercharged 
GW*  owir.j  to  the  severity  of  fatigue  stresses  induced  by  alternating 
static  pressures  on  call  walls  as  they  pass  through  cycles  of 

pressuxisation  and  dsecsprsssion.  Also  tip  leakage  is  likely  to  be 
excessive  owing  to  the  large  radial  clearances  required.  Banes  leakage 

losses  fall  into  two  categories,  those  associated  with  direct  loss 


through  shroud  and  druH  at  aach  and  and  including  any  whirl  nr—  nhi 
iaparted  and  tha  intaroall  lossaa  arising  by  leakage  oaar  blada  landing 
and  trailing  edges.  All  thasa  can  ba  acoo— cdatad  by  thamndynilo 
analysis. 

It  is  a  vary  slap  la  nattar  to  includa  tha  conventional  turboaachinary 
uaad  for  boosting  tha  art  and  so  obtain  a  oooplata  cyola  analysis  for 
tha  plant.  Analysis  of  tha  art  itsalf  is,  as  aust  ba  evident,  an 
unusually  coupler  natter. 
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By  Annodynodo  Analysis. 


Data i  (Based  on  Hit*  diegraa  of  Pig.  U) 


for  rotor  at 

scavenge  ratio  to  give  900*c  (1173*K)  exhaust 
V  inlet  to  prewhixler 
Pb/Pr  (Off  pressure  ratio) 


1964«1C 

U73*K 

1.443 

509.4*1 

4.0 


Trapping  easts  ratio  pMf/pR 


1.446 
»  1.2144 


thn  reference  t—piritun  Tr  bmd  at  call  rotor  total  exhaust  Pressure 
Pr  is  the  average  at  the  end  of  low  pressure  scavenge  including  all  heat 
inputs  by  heat  transfer,  friction  and  the  trapping  of  residual  exhaust 


♦.l  Heat  Transfer 

In  Appendix  £1  forced  convective  cooling  is  considered  with  cell  wall 
heat  transfer  usenl  equal  to  that  of  impulse  turbine  blades.  An 
evaluation  based  on  the  preliminary  wave  design  of  Pig.  11  and  assisting 
an  air  entry  temperature  ta  of  3ll*K  and  a  rotor  temperature  of  U73*K 


(  9O0*C  ) 


gave  atq  •  47.2«c 

l.e.  6%  of  Y&noR  -  Ti  the  mean  differential 


4,2  friction 


Air  enters  from  the  inlet  guide  vanes  at  absolute  speed  Vj_  and  the  wave 
design  of  pig,  u  is  arranged  to  give  zero  incidence  on  the  rotor.  The 
relative  ceil  gas  speed  v  causes  friction  but  on  average  finally  trapped 
air  only  travels  half  the  cell  length.  If  friction  factor  f  la  used  as 
in  pipe  floe  (but  increased  three  times  for  safety)  it  is  then  readily 


shown  that  i- 


* 


where  ATf  is  the  temperature  rise  caused  by  friction 
is  the  stator  friction  loss  coefficient  *.oe 
also  <Jh  it  hydraulic  wcdn  did.  where  a  •  blade  height : 


VCg  Is  the  cell  length/flow  width  ratio  given  by 


Ch*$  .  f.$.  0»S1}  *.£.  G*1} 


Vw.lNW 


where  PB  -  factor  allowing  for  blade  blockage  of  the  annulus 
and  1 Or  -  rotor  axial  length 

?  -  coll  stagger 
For  this  design  VCg  *  6 

giving  Vdh  *  3.5 

values  of  v^  and  w  read  for  states  (2)  and  (8)  of  Pig.ll 

vj/a*  w/aR 
.62  .7 

.58  .38 

for  Re  -  i  x  10*,  f  ®  .004£  (pipes)  and  f  ■  3*  .0046  is  aseuMd. 

The  average  value  of  A?£/Tr  be  cooes  .0118  yielding 
ATf  -  4.6«C  for  tx  •  386*K 

But  ATq  “  47.2*C 

ttetal  AT  »  51.8«C 

If  a  further  8*  is  allowed  for  trapping  of  residuals  when  the  cell  is 
oversca*enged  (a  scavenge  ratio  x  of  1.2  or  over)  them 

AT  *>  60*C 

SUasggg-jM&a 

But  a  further  20*c  needs  adding  to  allow  for  hast  transfer  during 
compression  eo  that  wave  plotting  can  then  iseuse  isentropic  proceesee 
without  excessive  error.  friction  heating  can  only  account  for  about 
iot>  of  the  total  umented  tasperature  gain  according  to  this  evaluation. 


Then  using  tha 
i.e. 

State 

2 

8 


s.c  Port  .waning  and  ciotif m 

Port  closure  loeees  can  generally  be  wtde  tsall  during  the  expansion 
phase  but  opening  loess# -are  very  significant  due  to  high  initial  speed 
and  the  ^favourable  deflection  caused  by  the  port  edge. 


In  Pig.  2  deflections  for  two  case*  are  given  obtained  fwst  water 
channel  teste  end  these  results  are  used  in  a  cosplete  analysis  to 


determine  overall  polytropic  expansion  efficiencies. 

the  results  also  enable  rarefaction  eaves  projected  at  different  cell 
openings  to  be  calculated  and  a  convenient  chart  is  given  in  rig.  3. 
tbs  flail  wave  amplitude  *g  -  will  be  known  for  full  opening, 
occurring  when  the  datimi  cell  wall  is  a  distance  y  -  S-te  past  the  edge 
where  te  is  the  trailing  edge  thickness.  It  is  convenient  to  divide 
this  amplitude  into  V*,  V*  and  V#  values  for  plotting  and  then  the 
relative  openings  y/8  can  be  read  off  from  Pig.  3  to  specify  the  start 


of  each  of  these  fractional 


elements. 


A  chart  giving  outlet  port  closure  progressions  for  similar  wave 
fractions  is  given  in  Pig.  4.  clearly  dsf  lections  will  be  very  small 
and  in  any  case  will  be  favourable  and  so  are  ignored.  Since  gas 
speeds  are  also  generally  low,  outlet  port  closure  losses  will  usually 
be  insignificant. 


These  are  tret  significant  at  start  of  high  pressure  pxescavenge  when 
pressure  differentials  are  large  leading  to  high  stator  noasle  exit 
speeds  particularly  at  partial  opening.  Mso  there  is  an  unfavourable 
deflection  and  this  can  again  be  estimated  using  the  a  -  70*  case  in  the 
experimental  results  shown  in  Pig.  2.  (to  chart  corresponding  with 
Pigs.  3  and  4  is  included  but  the  cell  progressions  y  needed  to  yield 
specified  fractional  wave  generation  can  be  calculated  by  balancing  the 
flow  from  the  noasle  to  the  flow  developing  behind  the  compression  wave 
front  generated.  If  the  cell  is  assumed  to  contain  stagnant  gaa  at 
preeeuro  parameter  wr  corresponding  with  the  wave  foot  then  at  cell 
pressure  *  the  ceil  gas  velocity  using  a  well  known  wane  equation 
(dannister  5}  will  become  i- 


*0  m  Ck  .  SA  •  Ju-  .  (*  -  Us) 

lc-1  v 

Whilst  the  absolute  noasle  exit  velocity  v±  will  be 
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this  apportions  half  the  friction  loss  of  tho  oells  to  each  coll  and 
boundary  but  incidence  at  coll  inlot  la  ignored.  m  la  nosslo 
affldancy 


Than  equating  flow  fro*  part  open  nosslo  to  gas  speed  in  coll  so  have  »- 


C^.y.Coad.v^  -  a.  Pg.cosf.M 


shore  Cd  is  a  coefficient  of  discharge  *  .9  caused  by  jet  contraction 
it  leaves  converging  sells. 


If  the  nosslo  angle  a  is  specified  this  sill  apply  at  full  opening  and 
by  equating  it  can  be  shown  that  for  the  save  head  asplltude 


-  (&,{<  ±  /(<  - 


share; 


A  - 


\  ?**-. . l/h  +  8£t.JKi?( 

I  fi.aaf  s»J  a  /l  A  VMS) 


3*  -  entropy  function  cell  contents  (it  is 
S*  -  *  *  entry  gas. 

3  -  <*/T*)l/a/<*/**)Vr 


that  3*  -  i> 


than  for  part  openings  the  save  fraction  os 


to  be  specified*  i.e. t 


•*“<*-  ~  *y> 


Xf  nos  variable  s  Is  defined  as  i- 


*  -  <*  -»r)V< V  -  **) 


v*  .>  w* .  *  v>  >•  ■»  v* ■> %  v*  \ v C- 


and  Is  calculated  than  fro*  Z  tha  value  of  paranatar 


<U  .  jl.  Cos 

i 


* 


can  be  obtained  fro*  « 


<47) 


af  f/2<&>  if  + 

ft.*) 

since  Cd  and  oosd  are  both  functions  of  a  and  ^/g  the  required  value  of 
y/8  can  be  determined. 


Hie  above  expression a  mere  derived  ignoring  entropy  and  pressure  gain 
effects  fro*  sudden  enlargement  of  jets  entering  cells  partially  open. 


7.0  Design  wave  Plotting 

In  Pig.  10  only  the  wave  position  diagram  for  an  engine  very  similar  to  the 
one  tested  is  given.  A  total  of  four  diagram*  are  needed  to  synthesise  a 
complete  design.  A  wave  plot  such  as  shewn  in  Pig.  11  is  produced  by  the 
simultaneous  generation  of  a  state  diagram  (top  left)  in  which  pressure 
parameter  *  is  plotted  to  a  base  of  non  dimensional  relative  cell  velocity 
w/aa.  and  position  diagram  (right)  in  which  velocities  of  gases  and  wave 
propagation  are  plotted  to  an  absolute  frame  of  reference.  the  latter 
also  represents  one  cycle  of  operation  of  each  cell  as  it  passes  the  fired 
stator  ports  which  are  also  shown.  To  transfer  gas  particle  and  wave 
propagation  speeds  from  the  state  to  the  position  diagram  a  pole  diagram 
(centre)  is  needed.  this  is  shewn  as  for  cells  with  axially  oriented 
walls.  It  has  the  same  w/sr  as  the  state  diagram  but  the  ordinate  is  non 
dimensional  mean  blade  speed  corrected  for  cell  stagger  angle  i.e. 


pole  diagram  ordinate  Yr  • 


A  more  complete  description  is  given  in  Ref.  6. 


(49) 


waves  travelling  along  cells  with  reference  speed  sr  will  displace 
vertically  a  distance  Yr  as  they  move  from  an  inlet  to  outlet  or  from  cell 
outlet  to  inlet.  Movement  at  other  speeds  c/am  or  u/ak  give  vertical 
displacements  on  the  position  diagram  in  inverse  proportion.  Such 
vertical  displacement  will  subsequently  be  called  "progression*  and  is 
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given  in  cell  pitches,  i.s.  Y/B.  in  the  actual  engine  the  stators  raquira 
an  angular  offset  with  respect  to  each  other  to  coapensate  for  cell 
stagger. 

tn  later  designs  it  was  found  better  to  set  up  the  pole  diagraa  with  cell 
walls  at  the  true  stagger  angle  in  order  to  avoid  this  angular  correction 
and  give  a  wore  accurate  wave  interpretation.  It  should  also  be  noted 
that  "  is  regarded  as  "pressure"  not  speed  of  sound.  Soae  authors  use  a 
vertical  seals  for  the  state  diagraa  as  «/*ji  which  is  a  big  mist  ate  because 
unless  the  ordinate  is  visualised  as  "pressure"  it  will  not  be  possible  to 
create  an  appropriate  aental  iaage  of  the  flow  processes  taking  place. 

A  fourth  diagraa  (bottoa  left)  is  also  shown.  This  is  a  vector  diagraa 
for  cell  inlet  and  outlet  used  for  aeaauring  the  stator  inlet  angles  needed 
to  give  zero  incidence  on  the  rotor  or,  alternatively,  for  giving  the 
incidence  when  stator  angles  have  been  fixed.  Also  the  outlet  stator  duct 
inclinations  for  zero  incidence  are  generated. 

7.1  Effect  of  Peaign  He  an  Blade  speed  on  Cell  length 

Proa  the  foregoing  it  can  be  deduced  that  a  wave  at  reference  speed  a* 
travelling  free  cell  inlet  to  outlet  and  reflecting  beck  again  to  fora  a 
wave-pair  will  require  a  period  in  which  cells  progress  a  distance  Y  in 
tlaa  t  at  aean  blade  u  given  byt- 

y  •  u.t  «  U.  2.  Lr/fag.COQ  $)  (SO) 

or  X-  iL  *  2.js£/G;>3j  (Si) 

Mow  regardless  of  assn  blade  speed  a  complete  design  point  cycle  aust  occur 
in  a  given  nuaber  of  reference  wave-pairs  rtg  so  except  for  adjustment  of 
port  edge  angles  and  scae  consequent  alteration  of  cell  end  boundary  state 
conditions,  a  plot  such  as  Pig.  U  can  be  used  for  approximate  analysis 
with  other  design  blade  apssds  and  in  this  case  ng  *  5. It. 


If  Yt  is  the  total  call  progression  for  one  cycle  (Y^/e  •  It. 4  in  Pig.  U) 


f  -  n*  2 .  J|t  / Obs  5 


But  the  value  of  ff/n  wiiM  constant  regardless  of  u  for  the  moo  plot  to 
r«a«ln  unchanged  and  give  tha  mm  proportion  of  coll  opening  periods. 

Bence  rearranging  «- 

T“ff^/(a i)  <"• 

and  the  cell  length/width  ratio  Wcg  by  substituting  from  equation  (3ft) 


Note  Vdh  *  i.»VCg  free  equation  (37).  Clearly  as  nean  blade  speed 
increases  the  cell  length/width  ratio  and  consequently  Vdh  reduces  and 
since  friction  and  heat  transfer  during  scavenging  increase  with  Vdh*  ifc 
is  advantageous  to  run  at  th#  highest  possible  sean  blads  spaed  in  order  U> 
etinimise  both  these  effects. 

It  needs  to  be  stressed  that  the  above  argument  refers  to  dssign  conditions 
only  so  that  cell  length  is  a  variable.  The  ability  of  a  given  design  to 
operate  over  a  speed  range  is  a  totally  different  setter. 


Pure  pressure  exchangers  provide  no  shaft  power  but  give  output  as  either  a 
hot  gas  bleed  from  the  oosbustor  or  as  an  elevated  exhaust  pressure,  in 
either  case  shaft  power  is  ultisately  obtained  by  the  use  of  conventional 
turbines  operating  free  the  availability  generated.  Xn  the  special  case 
of  application  to  diesel  engine  supercharging  no  output  is  obtained  and  it 
is  unlikely  that  the  Oft  could  be  substituted  to  advantage.  however,  for 
gas  turbine  topping  application  for  isprnv— ant  of  fuel  consumption  and 
specific  power  without  need  for  heat  exchange  or  regeneration,  a  choice 
needs  to  be  aede  between  the  two.  Xn  the  following  a  ooaplax  of  factors 


is  discussed  for  rationalising  this  choice 


Pirrtly,  pur*  pressure  gain  across  a  lew  pressure  scavenging  stage  is 
difficult  to  achieve  and  cannot  therefore  be  very  large  because  of  the 
adverse  density  balance  of  exhaust  gas  with  respect  to  incasing  air.  Gas 
bleed  free  the  conbustor  or  free  an  expansion  stage  between  BP  and  IP 
scavenging  stages  seea  sore  premising  alternatives  but  generally  need 
either  partial  afeission  or  side  channel  turbomachinery  whose  efficiency  is 
depressed  from  the  value  of  about  87%  for  full  admission  to  about  65%. 

ibis  is  about  the  same  as  can  be  achieved  by  the  use  of  a  GMT  rotor  as  a 
turbine  and  so  dividing  the  functions  of  pressure  exchange  and  output 
turbines  into  separate  specialised  components  is  unlikely  to  achieve  aore 
than  marginal  advantage.  Also  as  explained  in  Section  2.0  such  low 
turbining  efficiencies  are  acceptable  in  the  GW. 

secondly  existing  pressure  exchangers  run  at  low  mean  blade  speed  and  so  a 
large  i»  involved  as  explained  in  Section  7.1  yielding  equation  (54). 
This  mans  that  cell  friction  and  heat  transfer  effects  must  be  several 
times  larger  making  the  use  of  uniflow  scavenging  impractical.  Ohiflow 
scavenging  means  the  same  direction  of  flow  in  both  high  and  low  pressure 
stages  and  gives  the  most  uniform  rotor  tsmperature.  Contraflow 
scavenging  on  the  other  hand  keeps  the  cool  air  inlet  and  outlet  at  one  end 
with  hot  gas  confined  to  the  other.  There  will  be  a  hot  and  cool  end  to 
the  rotor  and  the  hot  end  will  show  little  advantage  of  natural  cooling 
over  an  uncooled  gas  turbine. 

If  high  mean  blade  speed  is  adopt sd  to  eliminate  these  disadvantages  then 
it  makes  sense  to  abstract  power  from  the  rotor  shaft  by  change  of  whirl 
from  inlet  to  outlet  and  then  the  pressure  exchanger  will  have  been 
converted  to  a  car.  it  will  have  a  lower  efficiency  of  turbine  action 
than  a  dedicated  turbine  but  the  cell  friction  losses  causing  this  have  to 
be  accepted  in  any  case  »lnoe  scavenging  is  fundamental  and  also  this 
friction  will  have  been  reduced  by  change  to  high  speed. 

stator  pockets  can  be  employed  to  widen  the  operating  speed  range  of 
pressure  exchangers  and  involve  a  release  of  kinetic  energy.  Ibis  can 


only  be  efficiently  eomrtad  to  ahaft  power  by  tho  um  of  high  speed 
rotor*. 

The  uKMtiwi  nixing  or  strati  f lent  ion  offsets  caussd  in  high  centripetal 
fields  at  contact  surfaces  between  gasss  of  very  differs rrt  density  can  be 
adequately  minimised  by  the  use  of  cs?.l  sail  stagger  $  of  about  3?  degrees, 
this  can  only  be  used  with  unifies  scavenging  of  course. 

Pure  pressure  exchange  involves  an  extra  shaft  which  runs  at  relatively  1cm 
speed  and  so  increases  mechanical  complexity  of  the  complete  engine.  the 
GW  on  the  other  hand  can  reduce  mechanical  complexity.  An  advanced  GMT 
could  have  a  pressure  ratio  as  high  as  12 <1  but  at  ttl  mould  provide  lust 
the  right  power  to  drive  a  supercharging  compressor  of  4tl  pressure  ratio. 
The  overall  4  x  •  or  32  tl  pressure  ratio  of  the  complete  engine  ought  to 
give  the  fuel  economy  of  a  diesel  and  analysis  shows  very  good  part  load 
eoonoaqp  even  as  low  as  4%  of  full  load.  This  is  achieved  with  a  very 
simple  geometry  of  the  hind  illustrated  in  Pig.  16,  Type  B.  The  output  is 
all  taken  from  a  conventional  turbine  operating  over  a  4tl  pressure  ratio  - 
equal  to  the  compressor.  If  this  has  a  separate  shaft  then  the  desirable 
falling  torque  characteristic  needed  for  traction  applications  or  for 
helicopters  is  readily  provided. 

This  argument  does  not  mean  that  auxiliary  partial  admission  or  side 
channel  turbines  should  never  be  used  in  conjunction  with  GW‘s.  in  some 
designs  in  order  to  — oriel ss  swallowing  capacity  tha  optimum  arrangement 
involves  such  auxiliaries . 

Pure  pressure  exchange  does  have  several  advantages  however.  The  rotors 
are  long  and  prismatic.  They  are  simple  to  make  and  could  even  be 
extruded  whilst  GW  rotors  have  twisted  complex  blade  shapes.  Um 
centrifugal  stresses  seen  thin  shroud  and  drum  which  have  uniform  thermal 
response  and  make  the  use  of  ceramics  acre  practical.  This  could  partly 
offset  the  advantage  of  the  cool  rotor  of  the  GMT  which  needs  to  b*  sad*  in 
metal.  For  example,  a  ceramic  Limited  to  1200*c  might  permit  e  gas  inlet 
tMperature  of  13S0*C  for  a  contraflow  pressure  exchanger.  Later  it  will 
be  shown  that  an  advanced  cycle  GMT  with  a  rotor  limited  to  SOO*C  would 
permit  a  gaa  inlet  temperature  of  1650 *C  to  be  used.  So  a  3O0*C  advantage 
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available  to  the  owr. 


Bewtytr,  thermal  and  mechanical  itrtUM  a r*  low  for  pressure  exchangers 
whilst  the  interaction  of  thermal  and  centrifugal  stresses  pose  a  difficult 
problem  for  the  can.  For  the  engine  tested  a  complete  SPN52  steel  brazed 
fortiweld  rotor  prosed  reliable  in  withstanding  nuserous  hot  starts  and 
stops  during  about  300  hours  of  endurance  running.  This  involved  speeds  of 
18,000  RPM  on  a  rotor  of  9  inch  blade  tip  disaster  (inside  shroud  with 
coafcustion  gas  temperatures  of  1000*C).  However,  saariaue  rotor 
teeperatures  were  only  450 «C  and  with  sore  erotic  materials  at  say  80Q*c  it 
may  be  necessary  to  change  to  a  segmented  running  shroud  and  yet  no  extra 
measurable  leakage  can  be  accepted. 


& 
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8.1  The  qxff  and  the  Gas  Turbine 

Finally  when  considering  the  GOT  in  relation  to  a  conventional  gas  turbine 
working  over  the  same  pressure  ratio  it  must  be  rmesstoered  that  compression 
is  achieved  without  need  of  shaft  power  for  the  former  only.  Since  about 
3/3  of  the  turbine  output  needs  transfer  to  the  compressor  for  the  latter 
case  it  follows  that  the  total  whirl  change  required  across  the  GW  for  the 
blade  speed  will  be  only  about  1/3  of  that  needed  for  a  gas  turbine. 


4.0  zm  can  as  a  topper  for  g as 
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4.1  Early  Predictions  1938 

these  are  presented  first  since  the  assumptions  still  appear  reasonable 
although  the  maximum  natal  temperatures  of  6?0<*c  (1337F)  are  very  low  by 
present  day  standards.  They  were  never  published  owing  to  redaction  by 
assessors  on  grounds  of  inadequate  experimental  data. 
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TK9UE  9. lit 

Assuaptions  for  Gas  Turbin*  Coaponenta 


Turbine  inlet  tsaperature 
Polytropic  efficiency 
Exhaust  pressure  loss 
Coabu*tor  pressure  loss  or  duct  frost  GW 
Coepresaor  inlet  pressure  loss  (silencer  and 
filter) 

Coapressor  inlet  teaperature 
Polytropic  efficiency 

Input  power  increase  factor  for  cooling  air 
bleed  flow  and  bearing  losses/auxiliaries 


-  1050 *K  (1430P) 

-  *7% 

-  1.4% 

*  2.0% 


•  1.0% 

-  300*K  (80*P) 

-  88% 

-  1.035 


Met  plant  output  factor  for  bearing  and  gear 
losses 


<•*  .95 


9.2  Performance  Curves 

in  Pig.  12  the  manner  in  tftich  temperatures  and  pressures  are  affected  bp 
the  boosting  compressor  pressure  ratio  Re  are  sham. 

Curve  1  shows  T0  the  GOT  inlet  temperature  rising  with  Re  and  so  reducing 
the  cooling  diferenti&l  ^943  -  T0)so  that  the  marijmi  inlet  temperature  Tg* 
to  the  GUT  curve  (4)  needs  to  be  progressively  reduced.  Both  effects 
combine  to  reduce  the  GOT  temperature  ratio  Tg^T0  so  that  the  permissible 
pressure  ratio  P|j/?0  reduces .(?)  Be  re  p0  «  Pr  the  GOT  inlet  and  datum  exhaust 
pressure  being  equal.  Pn  curve  (•)  is  2%  lower  due  to  combustor  loss  and 
release  pressure  P[/P0  18  shown  by  curve  (9).  All  these  progressively 
reduce.  however  the  GOT  power  rises,  from  200  shp  for  zero  boost  to  a 
maximum  of  550  shp  at  a  boost  ratio  of  ?  ATM  and  the  GOT  pressure  ratio  is 
then  only  2.8.  A  12"  tip  diameter  is  assumed.  feon/e  <aj 

For  high  values  of  Pq/P0  in  excess  of  2.5  an  expansion  stage  is  needed  but 
at  less  than  about  2.2  can  be  dispensed  with  reducing  the  cycle  total 
progression  and  so  increasing,  rotor  length  and  swallowing  capacity. 
Hence  at  high  boost,  curve  13  represents  GMT  power. 

Maximum  pressure  Pq  rises  up  to  -  u.$  curve  ( 10)  and  the  differential 
between  Pr  and  delivery  pressure  pQ  (curve  (11))  is  applied  across  the  GOT. 
This  differential  is  mostly  about  •  to  11  atmospheres. 

In  Pig.  13  design  point  perform ince  predictions  are  shorn  on  the  same  base 
of  boost  pressure  ratio.  Specific  output  is  given  in  terms  of  horse  power 
per  pound  of  air  per  second  (right  hand  scale  for  dashed  curves).  Thermal 
efficiency  and  corresponding  specific  fuel  consumption  are  shewn  on  the 
left  and  apply  to  solid  curves.  The  SIC  has  been  converted  to  modem 
unite  of  Kg/KVh  for  kerosene  fuel. 

The  simple  gas  turbine,  of  open  cycle  type  with  no  heat  exchange,  is  shown 
by  curves  (14)  and  (15).  Peak  efficiency  is  24%  at  R©  •  10  but  maximum 
output  occurs  »t  Rg  •  *,  Da  give  improved  economy  a  recuperator  can  be 
fitted  and  if  a  thermal  ratio  of  o.i  fox  a  penalty  of  fit  pressure  drop  is 
allowed  curves  ( 16)  and  (1?)  give  the  new  efficiency  and  power  output. 


352 


Peak  efficiency  is  increased  to  28%  at  Rc  -  5  and  checks  veil  with 
published  data  for  the  gas  turbine  driven  oil  tanker  John  Sergeant  shown  as 
point  J.S. 

curves  (It)  and  (19)  apply  to  the  (MT  alone  but  in  the  pressure  boosted 
state  showing  a  eaxJesi  thermal  efficiency  of  only  17%  at  zero  boost  and 
falling  off  rapidly  with  increased  boost.  When  added  to  the  gas  turbine 
section  and  without  any  recuperator  the  overall  efficiency  and  specific 
output  axe  shown  by  curves  (20)  and  (21). 

Fuel  consumption  is  better  than  the  recuperative  set  and  the  specific 
output  (21)  is  much  improved.  The  optimum  Rc  seems  to  be  about  5.5  giving 
an  efficiency  of  30.2%  and  a  specific  output  of  I23hp/lb/sec  as  cospared 
with  ?o  representing  an  improvement  of  76%  and  of  course  absence  of  the 
large  heat  exchanger  together  with  the  implied  reduction  of  airflow  would 
make  the  GWr-OT  set  extremely  light  and  oompact  in  coapexlaon . 

In  addition  the  exhaust  teaperatuxe  of  450*C  (778P)  is  higher  than  the 

300*c  ( soap )  of  the  recuperative  set  caking  possible  improved  further 
utilisation  of  exhaust  energy. 

A  layout  to  scale  based  on  using  the  Rueton  TK  industrial  turbine  is  shown 
in  Pig.  14  arranged  to  operate  at  this  optimum  condlton.  The  GMT  can  only 
drive  a  second  stage  compressor ,  a  first  stage  of  3.2  pressure  ratio 
needing  to  be  driven  by  a  turbine.  A  rather  clumsy  plant  is  the  result. 

A  siapler  and  neater  solution  can  be  found  by  Matching  compressor 
requirements  to  the  GMT  alone.  Curve  (25)  shows  the  compressor  demand  and 
(19)  the  GMT  output.  They  cross  at  Rc  -  2,9  but  the  penalty  is  a  thermal 
efficiency  reduced  to  27%  though  the  GMT  pressure  ratio  is  ♦. I,  within 
existing  experience  and  equal  to  the  design  value  for  which  the  plot  of 
Pig.  U  was  drawn. 

The  sain  components  of  an  engine  of  this  type  are  drawn  to  scale  in  Pig.  IS 
showing  a  neat  and  compact  layout.  A  separate  power  turbine  would  provide 
the  falling  torque  characteristic  demanded  for  traction  purposes.  Part 
load  calculations  showed  the  GMT  to  operate  with  almost  unchanged  pressure 
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ratio  as  the  compressor  boost  ratio  Changed  from  2*7  to  1.4  so  thermal 
efficiency  only  fell  to  17%  at  1/10  of  full  load. 

Bowevei,  fuel  economy  mould  need  to  be  Improved  over  the  whole  range  to 
Met  present  day  cospetition  and  the  aore  advanced  design  to  be  considered 
later  is  therefore  required. 

But  there  is  further  potential  for  iuproveMnt  even  with  the  lew  metal 
temperatures  assumed.  Heat  exchangers  either  of  regenerative  or 

recuperative  type  cannot  usefully  be  integrated  with  GOT  plant  but 
interceded  compressors  out  be  used. 

Intarcooling  will  allow  higher  boost  pressures  without  increasing  air  or 
combustor  inlet  temperatures  so  that  rotor  temperatures  are  not  increased. 
The  greater  turbine  expansion  ratio  produced  will  however  lower  the  final 
exhaust  temperature  and  so  give  improved  output. 

curves  (22)  and  (23)  refer  to  such  an  intercooled  plant.  Optimum  boost 
ratio  is  now  about  8.5  with  the  GOT  operating  at  P|j/P0  »  3.57  so  that  the 
overall  pressure  *30.1  and  yields  a  predicted  thermal  efficiency  of 

34.5%.  This  is  not  far  short  of  diesel  economy  end  specific  output  has 
been  raised  to  152  HP/ lb/ see  which  is  2.1?  times  that  of  the  original 
recuperative  gas  turbine. 

4.3  &gg£££ 

In  Pig.  l«  four  diagrams  compare  the  various  progressive  developments  which 
were  envisaged  in  1558  starting  with  the  naturally  aspirated  Type  A  of  17% 
thermal  efficiency  for  cogeneration  application  to  Type  •  of  27%  for 
traction  purpose*  with  2.?*i  boost,  than  to  mors  complex  type  c  of  5.5 
boost  ratio  giving  30%  and  finally  the  t.S  boost  ratio  intercooled  set 
aimed  at  34.5%  thermal  efficiency.  All  these  it  should  be  noted  assume 
the  rather  high  ambient  of  27*c  (to?)  and  low  rotor  temperature  of  543K 
( 1237P)  with  other  conservative  assumptions. 


the  early  engine  had  a  number  of  features  preventing  high  polytropic 
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tuxbinlng  efficiencies  fro*  being  realised  aaong  which  were  wary  high 
incidences  of  up  to  90  degrees  due  to  excessive  prescavenging  inlot 
velocities.  A  new  advanced  cyclo  has  boon  dor  load  which  eliminates  this 
problem  and  also  minimises  call  opaning  losses.  It  has  other  lnportant 
advantages  also. 

The  basic  change  depends  on  replacing  the  effective  transfer  gas  turbining 
action  represented  by  T  in  Pig.  1  by  a  GOT  stage.  Expansion  cell  pressures 
drop  fro*  2?<H  to  Pq  by  extraction  of  transfer  gas  as  before  but  the  gas  is 
exchanged  for  interned  iate  pressure  coepressed  air  before  being  returned  to 
the  aain  cycle  to  raise  the  pressure  fro*  Fs  to  P*.  The  fluid  labelled 
"Transfer  gas"  In  Pig.  1  no*  becomes  extra  air  available  for  coabpstion  and 
so  the  final  equal  isation-co*pression  takas  place  fro*  a  highly  boosted 
state  so  increasing  output  and  optiau*  pressure  ratio.  Indeed  a  GOT 
pressure  ratio  of  12  tl  is  achievable  even  without  fan  assistance  in  low 
pressure  scavenge  and  the  engine  is  no  wore  oowplex  than  one  in  which  two 
cycles  per  revolution  are  arranged. 

There  axe  two  or  sore  low  pressure  scavenging  stages,  at  least  one 
intermediate  scavenging  stage  but  still  only  one  high  pressure  stage  with 
single  associated  coabustor .  Mhen  carried  out  with  a  single  rotor  the 
result  is  a  greatly  reduced  cell  length  to  rotor  disaster  ratio  so  reducing 
rotor  weight  and  improving  acceleration. 

Furthermore  relative  time  spent  at  high  ♦— firature  and  pressure  is  greatly 
reduced  and  cooling  effects  of  other  stegealincxeased,  so  leading  to 
considerably  reduced  rotor  temperature  or  conversely,  for  a  given  metal 
limit,  a  greatly  increased  permissible  combustor  outlet  temperature.  The 
cycle  has  been  subjected  to  detailed  evaluation  fro*  both  the  friction  end 
heat  transfer  viewpoint. 


TABLE  9.XV 

M-TTM0"*  tog  TttartxWr — » — "yi*  of  Mnnctd  O IT 


Scavanga  Fan  praasur*  ratio  Cull  *paad  1.4 

Atrtrag*  L.P.  (cav.wvt  trapping  Vw/Pr  1.69* 

claaranca  ratio  gj/Lj-  (aingla  lands)  .003 

Rotor  oo  (insida  Shroud)  100m 

-  ZD  SOM 

Blada  Blockaga  Factor  Fg  o.f 

Blada  staggar  $  37* 

Polytropic  Efficisncia*  (all)  75* 

Muahar  of  Boost  Stags*  2 

Main  cycla  Raxafaction  affact  p«h/Ph  o.*5 

Boost  cycla  *  "  ?*b/Pb  O.S 

Boost  fan  nolytxopic  afficiancy  to* 


not  loss  fxos  boost  fan  is  allowad  for  in  printout. 

TMLK  9.V 

Casa  of  Zaro  Suparcharoa  Cosputad  Charactaristic 
R* suits  of  ooaputsr  printout  for  inlat  conditions  to  fan 
1  ATM  (1  0132S  BAR)  20*C  (293.15*  or  M*F)  Ataoapharlc  axhaust 


(1) 

(3) 

(3) 

(4) 

(5) 

(*> 

P*l/PR 

PR/P* 

*nax*K 

Tice** 

WZ 

M  kJ/n* 

5 

2.  *74 

723.9 

490.9 

311.0 

*2.9 

« 

2. *52 

*19.* 

521.3 

312.7 

122.6 

• 

3  325 

99*. 2 

570.9 

315.4 

25*.  5 

10 

3.74* 

112*. 7 

*07.4 

317.* 

415.3 

12 

4.1*2 

12*0 

*51. « 

319.9 

572.0 

(1) 

(7) 

(•) 

(5) 

(10) 

(ID 

(11) 

PrA* 

n»n 

*t*s 

%RAP 

Woe 

SFC  Kg/kMh 

5 

12.940 

0.0*1 

0.0507 

0.0226 

0.635 

0.73* 

6 

1*.0*0 

0.0947 

0.0704 

0.0322 

1.727 

0.537 

t 

2*. 220 

0.122 

0.1014 

0.0527 

5.2*6 

0.400 

10 

33.230 

0.154 

0.12* 

0.0725 

10.764 

0.344 

12 

39.000 

0.179 

0.149 

0.090* 

17.40 

0.317 

356 


(!)  PH 
(2)  P® 


Main  cycle  iirlw  pressure 

Boost  cyc.'Le  delivery  pressure  and  equal  to  assn  boost 
pressure  of  ssin  cycle 
(3)  tu»<  -  Delivery  teaperature  froa  ooabustor 

(♦)  Tice  -  Inlet  teaperature  to  oaabustox 

( 5 )  Tr  -  reference  -  assn  teaperature  after  L.P.Scav. 

(6)  N  -  work  per  unit  cell  volvase 

( 7 )  H  -  speed  for  100  ■■  tip  disaster 

( 8) (  9)(  10)  M  -  seas  flows  JCg/s,  total,  trapped  and  coabustion  inlet 

(11)  V  -  power  Jd# 

(12)  SFC  -  Specific  fuel  consuaption 

When  supercharged  the  total  flow  is  reduced  and  aade  1.4  tiasc  air 
delivered  to  coabuetor. 


9.S  cassSBSJS&SE 

The  design  point  parameters  shown  in  Figures  17  and  19  nil  assises  a  OWT 
pressure  ratio  of  12,  ths  tmximm  which  can  bo  handled  when  tho  noin  eye  In 
•sponsion  is  limited  to  two  outlet  transfer  ducts.  All  teeperature  ratios 
for  the  GMT  are  held  constant  and  are  equal  to  thooe  with  atmospheric 
exhaust.  Xn  this  case  as  Shown  in  Fig.  17  all  teeperatures  Inclusive  of 
rotor  teeperature  worn  increase  rapidly  as  the  booet  pressure  ratio  Rc 
provided  by  a  centrifugal  coapressor  is  increased. 

•The  teeperature  at  turbine  inlet  yon  is  almost  equal  to  the  GMT  rotor 
teeperature  and  if  these  axe  limited  to  «00*C  ( l470*r )  then  Rc  is  shown  to 
be  limited  to  3.6  and  so  overall  combustor  pressure  will  be  43  atmospheres. 

Turbomachinery  Assumptions 

Compressor  polytropic  efficiency  «0% 

Turbine  polytropic  efficiency  in 

Mechanical  efficiency  9«% 

Pig.  it  shows  the  calculated  design  point  power  and  SPC  with  a 
corresponding  scale  for  thermal  efficiency  showing  that  the  ooepound  plant 
ought  to  be  capable  of  achieving  a  thermal  efficiency  of  40%.  Xt  should  be 
noted  how  fast  output  increases  with  booet,  the  100m  die  GMT  giving  17  AM 
at  aero  booet  he  msec  e  topper  for  a  plant  giving  140  AM  at  Re  •  3.4.  Par 
eoet  applications  ths  ooepressor  needs  to  be  driven  entirely  by  the  GUT  but 
analysis  shows  the  GW  to  be  developing  far  too  much  power  to  give  a  emteh. 
Some  needs  therefore  to  be  supplied  as  gas  power  from  expansion  stages  or 
the  GMT  pressure  ratio  reduced. 

10.0  JUPFLICATIOH  TO  BTTA33  JtT  ENGXKE 

calculations  giving  the  predicted  performance  of  two  cases  for  bypass 
engines  utilising  out  topping  stages  axe  mammrtsart  in  Pig.  19.  They  both 
satisfy  a  military  specification  for  a  email  engine  able  to  provide  <00 
pounds  of  thrust  at  ssa  level  and  a  flight  each  number  of  0.65.  The  fan 
was  specified  as  having  a  pressure  ratio  of  i.«. 

two  cases  were  studied,  one  for  ths  low  <mt  pressure  ratio  Bfc/Pfc  *  ♦  *nd 
the  other  for  the  mdvanoed  cycle  of  fn^|  »  12  both  being  United  to  the 


sans  eaxtisi  rotor  teeperature  of  9O0*c  (i650*r). 

Result*  Dkm  increased  bypass  ratio  for  the  advanced  design  but  the  overall 
SFC  of  o.?09  lb  /lb. hr  is  little  better  than  the  0*731  lb  /lb.hr  for  the 
lower  pressure  and  the  advantage  is  certainly  not  worth  the  increase  in 
narisua  pressure  Ph  froai  21.5  AIN  to  59.5  AIM  which  is  involved.  the 
froudtiet  propulsion  efficiency  s- 

h}p  -  2.u/(  v  ♦  u) 

is  only  63%  to  64%  due  to  the  high  fan  pressure  ratio  and  by  dropping  this 
the  bypass  ratio  would  increase  and  increase  njp.  This  would  greatly 
improve  the  SF C  in  each  case. 


13.0  C0HCHJ3I0H 

A  method  of  Design  involving  the  Interaction  of  pressure-voluma  baaed 
thermodynamic  analysis  and  save  plotting  by  the  Plaid  aathod  of 
Characteristic*  for  one  dimensional  flow  has  been  described.  It  was  used 
for  the  performance  prediction  of  gas  wave  turbines  (OfF's).  The  analysis 
Included  the  effects  of  gas  friction,  heat  transfer  and  leakage.  The 
latter  Included  intercell  leakage  over  blade  ends  as  well  as  the  total 
losses  from  circumferential  clearance  gaps  at  hub  and  running  shroud. 
Data  was  presented  for  enabling  wave  development  to  be  accurately  plotted 
for  finite  cell  width  and  for  evaluating  cell  opening  losses.  Such  one 
dimensional  treatment  can  lead  to  workable  designs  as  already  demonstrated 
by  the  first  fairly  successful  experimental  angina  but  it  would  be  valuable 
to  give  a  final  check  using  the  slew  but  sophisticated  three  dimensional 
code  developed  by  Professor  Spalding. 

Nave  systems,  particularly  the  author’s  “Saif  wave  plateau"  type  for 
dealing  with  the  triple  problem  of  finite  cell  width,  wave  cycle  closure 
without  carry  ovor  effects  and  obtaining  adequate  speed  range  without 
adjustable  ports,  have  been  described  and  illustrated. 

The  complex  of  factors  needing  to  be  considered  for  choosing  between  pure 
pressure  exchange,  operating  at  low  mean  blada  spaed,  and  the  high  speed 
GMT  alternative  for  use  as  topping  stages  was  studied.  the  QNT  was 
consequently  chosen  for  further  study  as  on  balance  It  seamed  to  show  the 
greater  promise. 

Application  as  toppec  for  an  otherwise  conventional  gas  turbine  was  shown 
to  be  attractive.  so  far  unpublished  predictions  for  such  oempound  plant 
made  23  years  ago  ware  first  presented  since  the  assumptions  still  appear 
valid  though  temperature  limitations  now  seem  overconservative.  Even  so 
thermal  efficiencies  of  30%  without  heat  exchange  or  interceding  and  34% 
with  intarcooling  alone  and  greatly  1  ip  roved  specific  power  were  predicted. 

Then  a  new  advanced  owr  binary  cycle  capable  of  developing  pressure  ratios 
of  up  to  I2tl  in  a  single  rotor  was  introduced.  it  had  enhanced  natural 
cooling  so  permitting  the  use  of  exceptionally  high  coahustor  outlet 
teaperatures  and  the  cycle  is  capable  of  solving  the  limitations  of  the 
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•ax liar  angina.  Thsrwal  afficianclas  of  26%  with  ataospharic  axhaust  and 

40%  whan  boostad  to  3.6  ataospharas  using  a  oantrifugal  singla  staga 
coaprassor  and  axial  tuzbina  wars  pradictad.  K  GW  of  only  100  an  blada 
tip  diaaatar  could  ba  tha  coxa  of  a  compound  plant  dawa loping  a  powar 
output  of  130  kM  and  tha  final  tuzbina  axhaust  would  still  ba  quits  high  at 
S20*K  (1020*F)  so  that  furthar  laprovaaant  by  tha  uaa  of  an  intarcoolar  for 
lncraasa  of  boost  prassuza  without  raising  rotor  taaparatura  bayond  %00*C 
( 1470 *p )  is  faasibla. 

application  to  small  bypass  1st  anginas  has  baan  studiad  showing  tha 
advancad  cycla  to  offar  only  marginal  iaprovaaant  in  3FC  as  coapazsd  with  a 
low  prsssura  ratio  GOT,  tha  valus  of  .709  lb  fua  1/hr/lb  thrust  at  combustor 
prassuza  of  59.5  ataospharas  comparing  with  figuras  of  .731  at  21.5 
ataospharas . 

Finally  application  to  coal  gasification  and  to  coabinad  cycla  alactrlclty 
powar  ganarating  schaaaa  was  dasoribad  and  shown  to  offar  attraction 
aconoaias  in  both  fual  consuaption  and  capital  char  gas.  Furthar  affort  to 
advanca  such  deoalopaants  is  racasasndad. 
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NOMENCLATURE 


Suf fices 

F  -  wave  foot  (zero  wave  amplitude) 

M  -  mid  wave  (amplitude) 

H  -  wave  head  (full  wave  amplitude) 

R  -  reference  (state) 
i  -  inlet  (of  cells) 

o  -  outlet  (from  cells) 

r  -  reflected 
t  -  transmitted 

Symbols 

a  -  speed  of  sound  Ar  is  at  reference  temperature  Tr  measured 

at  PR 

b  -  (k-l)/2 

c  -  wave  propagation  speed 

i  -  +1  or  -1  a  direction  marker  for  wave  propagation 

k  -  ratio  of  specific  heats 
L  -  cell  length 

P  -  Pressure  k-1 

v 

5  -  entropy  function  i.e.  S1  =  (T/TR) / (P/PR) 

S1  -  is  also  the  volume  increase  ratio  produced  by 
combustion  (very  nearly) 
t  -  time 

T  -  temperature  absolute  °k 
U  -  mean  cell  rotor  blade  speed 

w  -  gas  particle  speed  relative  to  cell  walls 

W  =  w/aR  the  non  dimensional  gas  particle  speed 

x  -  distance  along  a  cell 

y  -  rotor  progression  from  start  of  L.P.  scavenge  measured 

at  inlet. 

y  =  y/6  non  dimensional  progression 

Z  *  wave  amplitude  *  *  -  n 

M  F 

6  -  cell  pitch 

n  -  pressure  paiumeter  n  = 

S  -  shock  tront  (on  diagrams) 


(P/PR) 


k-1 

2k 


S'-  S*  Ss  -=•  V-* 


TRANSFER 

GAS 


HOT  HP 

EQUALISATION 

GAS 

WORK  Wpt 


SUft 


'T  WORK  Wm 


VOLUME 


/WORK  Wre 


FIG  1.  PRESSURE  VOLUME  (PV)  REFERENCE 
DIAGRAM  FOR  GWT  ANALYSIS 


B  -  5  =  42  0  o<  =  43°  Q* t 
6  s  1*0^  H  =  1  -65 *  (Water  approach  depth) 

FIGURE  2 .  CELL  OUTLET  DEFLECTIONS  AT  PART  OPENINGS 
DETERMINED  FROM  WATER  CHANNEL  TESTS 


TEMPERATURES  &  PRESSURES  (1958) 


3  5  7  9  It 

compressor  pressure  ratio  -R. 

FIG. 13  EARLY  PREDICTIONS  (1958) 

DESIGN  POINT  PERFORMANCE 


PORTING  AS  FIG.11 


FIG.  16  GWT-GT  COMPOUND  TYPES 


TEMPERATURE 
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TEMPERATURE 


SFC  K$/  kW.hr  AR  MASS  FLOW  m  Kg/s 


RG.18.  100  m  OIA.  SUPERCHARGED  GWT  (1885) 
POWER  ,  AJRROW  AND  FUEL 
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KEROSENE. 

LC*- 43,170% 


K-22M  Vs 
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MECHANICAL  EPPICIEHCT 

CELL  ROTOR  AXIAL  CLEARANCE  gl/Lr 


PARMETER 

PR/PR 

PC/PP 

pr/pa 


TROTH 

tori 


0.9* 

0.003 


CASE  1 


4.0 
2.29 
21. 5 

1570  C  (2954  P) 
900  C  (1590  P) 
900  C 

10.37  kg/9  (  22.99  lll/P) 
2.49  kg/9  (  3.47  lb/9) 
1.72  kg/9  <  3.79  1V»> 


BXPAAS  RATIO  ( ( bP-«LPS )/«LPS )  3.19 

T}  (POSTAL  JIT  ICIXED  TEMP.)  347  K 
(jt*.  Z«Utiv9  »9lT.>  A/9  9™ 

lip-  a.u/<7j  ♦  «)  (f*oa*>  0.933 

SPICZPXC  FUEL  CMWOMPTXO* 

SPC  kg( POEL )/lvr Ag£( WRU9T )  0.731 


CASE  2 

12.0 

2.12 

39.5 

1940  C  (3340  P) 
900  C 

927  C  (1700  P) 
10.94  kg/9 
2.22  kg/9 
1.99  kg/9 


321  E 


0.944 


0.709 


FIG. 19  600  lb.  THRUST  BYPASS  ENGINE  WITH  GWT. 


IV 


DISCUSSION  SESSION 


(i)  Discussion  Following  Prof.  Pearson's  Talk. 

Dr.  Anthony  Laganelli  (Science  Applications): 

My  first  question  is  directed  at  the  Rolls  Royce  (RR)  project  and  perhaps  even 
somewhat  to  this  last  figure  that  was  put  up  here.  On  the  basis  of  what  I 
have  heard  so  far  in  the  last  few  days,  it  seems  that  the  GPC  engine  could  be 
very  easily  constructed  into  a  topping  engine. .. (garbled)  I  was  wondering  if 
either  of  you  people  would  like  to  comment  on  that?  The  2nd  question  is  why 
do  you  always  plot  the  dimensions;  whatever  happened  to  non-dimensional 
parameters? 

Prof.  Ronald  Pearson  (University  of  Bath): 

I  have  always  plotted  non-dimensional  parameters  whenever  relevant;  all  the 
wave  parameters  are  non-dimensional. 

Dr.  Laganelli: 

Yes,  but  when  we  get  out  the  final  product  of  thrust  and  specific  fuel 
consumption  I  recognize  they  mean  something,  but  when  we  are  trying  to  compare 
different  systems,  different  engines,  would  we  be  better  going  back  to 
what, ,. (garbled)  taught  us  a  long  time  ago?  Meaning  plotting  dimensionless 
parameters,  comparing  different  systems,  why  don't  we  do  it? 

Prof.  Pearson: 

Well,  I  thought  we  had.  I  mean  SFC  (specific  fuel  consumption)  is 
non-dimensional.  The  thermal  efficiency  is,  as  well  as  the  SFC  because  we 
want  to  look  at  either  of  them. 

Dr.  Laganelli: 

I  recognize  that  efficiency  is  non  dimensional.  It  is  conventional  to  give 
jet  engine  performance  in  specific  thrust  and  specific  fuel  consumption  in 
terms  of  the  amount  of  fuel  you  use  per  hour  and  the  amount  of  thrust  you 
produce.  Would  you  care  to  comment  on  my  first  question. 

Prof.  Pearson: 

About  the  GPC  machine? 

Dr,  Laganelli: 

Well  you  suggested  that  the  pressure  ratio  (could  be)  easily  up  to  about  30  in 
the  present  mode  just  by  using  it  as  a  topping  cycle,  as  I  saw  that  RR  engine 
described  today  with  the  Comprex,  Rather  than  having  a  Cooprex  you  could  use 
what  you  call  a  modified  Pearson  or  a  GPC  (General  Power  Corp.)  wave  rotor  on 
there. 

Prof.  Pearson: 

My  opinion  about  the  GPC  machine  is  that  they  haven't  designed  the  expansion 
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stage  properly.  I  don't  consider  the  expansion  stage  has  been  properly 
designed. 

Dr.  Laganelli: 

Are  you  talking  about  the  simulation  model  or  the  outlet  of  the  engine? 

Prof.  Pearson: 

The  actual  machine.  In  my  view  the  expansion  side  of  the  machine  has  not  been 
properly  designed,  and  until  it's  put  right  it  won't  run  properly. 

Dr.  Laganelli: 

Would  you  care  to  comment  on  that  Hal  (Weber)? 

Dr.  Hal  Weber  (San  Diego  State  University  and  SAIC): 

Well....  (garbled)  it's  true  we  haven't  finished  the  design  yet  at  this  time. 
We  had  originally  built  a  five  re-entry  device  for  the  entire  power  to  be 
taken  off  the  one  rotor.  Now  we  plan  to  go  to  a  separate  power  turbine.  It 
looks  just  like  a  topping  unit,  it  has  got  a  compressor  and  a  turbine  and  in 
between  you  put  the  wave  rotor. 

Prof .Pearson: 

I  think  the  concept  is  all  right,  the  general  concept  is  all  right  it's  just 
that  the  detailed  design  of  the  expansion  in  ray  view  has  not  adequately  been 
programmed. 

Dr.  Laganelli: 

Thank  you. 

Prof.  John  Kontfield  (University  of  Calgary): 

May  I  just  make  a  comment,  I  noticed  in  your  last  slide  you  seemed  to  imply 
that  you  have  an  unsteady  flow  combustor  in  the  loop  as  well. 

Prof.  Pearson: 

Yea  I  did  in  fact  try  and  do  this  on  that  particular  machine.  In  order,  to  put 
curvature  on  the  blading  and  to  make  the  efficiency  of  che  rotor  higher, 
but  this  meant  the  higher  pressure  scavenging  stage  was  impaired.  This  could 
be  put  right  by  a  pressure  gain  across  the  combustor.  And  I  did  in  fact  work 
on  pulsing  combustion  and  we  finally  got  a  pressure  gain  of  12%  and  in  one 
particular  test  we  got  17%  which  was  quite  enormous  but  that  particular  test 
was  never  repeated.  We  did  get  12%,  we  could  repeat  12%  everytime.  That  was 
a  valveless  type  pulse  combustor.  Running  at  200HZ,  the  trouble  was  it  was 
too  big  for  this  kind  of  application,  far  too  long,  and  it  was  difficult  to 
start.  200  cycles  a  second  is  too  high  to  start  easily. 

Prof.  Max  Berchtold  (Swiss  Federal  Institute  of  Technology): 

Suppose  that  you  were  given  that  the  efficiency  was  around  20%.  How 
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confidently  would  you  feel  that  you  could  realize  this?  Is  this  based  on  your 
analysis  or  do  you  have  indications  that  the  tests  were  very  realistic? 

Prof.  Pearson: 

The  tests  have  showed  a  much  lower  polytropic  efficiency  of  conversion  along 
work  areas  than  I  have  assumed  in  those  calcinations  but  that  was  mainly  due 
to  the  fact  that  there  was  a  lot  of  mismatching  of  the'  gases  in  the  low 
pressure  pre-scavenge.  Just  to  show... (goes  to  overhead  projector  with  slide 
and  discusses  it). 

Prof.  Berchtold: 

Are  you  going  to  build  one  of  these? 

Prof.  Pearson: 

I  am  very  tempted  to,  yes,  but  this  isn't  the  right  design.  Yes  I  would  like 
to.  Starting  with  8  to  1  and  going  to  12  later  on, 

Mr.  X  (unidentified): 

At  the  forty  percent  efficiency  didn't  you  also. .. (garbled)  50  to  1 
compression  ratio  and  a  thousand  to  two  thousand  degrees  centigrade 
temperatures  if  I  am  not  mistaken,  50  to  1  compression  ratio  means  that  you 
have  a  combustor  of  lOOOpsi  pressure.  I  just  feel  that  on  a  small  engine  that 
certainly  is  an  advantage  in  technology. 

Prof.  Pearson: 

Not  quite  2000°  but  not  far  off.  There  is  a  sort  of  cooling  on  the  rotor  with 
this  new  cycle  but  you  can  in  fact  get  that  and  you  can  in  fact  accept  that 
kind  of  temperature  on  the  rotor. 

Mr.  Richard  Joy  (Williams  International): 

My  name  is  Dick  Joy,  I  am  from  Williams  International  and  I  would  like  to 
comment  on  the  turbofan  which  you  have  chosen  to  focus  on.  As  a  matter  of  fact 
it  has  been  my  priviledge  to  have  laid  down  the  preliminary  design  and  do  the 
performance  analysis  of  most  of  the  early  aerodynamic  design  in  1964  and  the 
engine  was  first  drawn  in  1967.  This  is  ay  first  introduction  to  wave  rotors 
and  I  think  I  have  learned  two  things;  first  thing  is  that  they  may  have  some 
application  to  turbines,  the  second  thing  that  I  have  learned  is  that  the 
processes  that  go  on  inside  of  it  are  so  incredibly  complicated  as  to  be 
beyond  any  reasonable  analysis.  We  people  in  the  turbine  business,  what  we 
really  need  is  to  focus  less  on  what  goes  on  in  the  turbine  and  more  on  the 
definition  of  the  overall  characteristics,  as  we  would  define  a  compressor.  1 
have  seen  the  pressure  ratio  and  the  temperature  ratio  relationships  defined, 
but  obviously  in  the  sense  of  the  Comprex.  Here  we  have  a  simple  device  in 
which  are  bound  up  relationships  such  as  pressure  ratio,  temperature  ratio, 
flow  (through-flow)  and  corrected  speed.  Now  we  need  those  characteristics  to 
put  into  our  programs  to  find  out  defined  performance,  and  to  find  out  if  it 
has  any  general  merit.  Now  obviously  there  are  some  things  that  may  come  up, 
and  if  it  comes  to  pass  that  we  need  to  incorporate  blow-off  valves  or  waste 
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gates,  what  intrinsic  merit  there  is  in  the  wave  rotor  is  going  to  be 
decreased,  so  I  would  like  to  make  a  plea  to  you  people  who  do  understand  wave 
rotors  to  give  us  people  who  would  like  to  apply  the  overall  characteristics, 
the  complete  characteristics  of  pressure  ratio,  temperature  ratio,  flow  and 
speeds.  I  think  that  can  be  done. 

Prof.  Pearson: 

If  we  look  at  the  arrangement  I  showed  earlier  on,  which  I  call  a  simple  flow 
where  we  have  a  cell  rotor  driving  a  centrifugal  compressor,  it  is  a  4  to  1 
pressure  ratio  cell  rotor  which  is  within  the  existing  experience.  The  net 
combination  would  give  you  262  thermal  efficiency  only.  Not  a  very  high  value, 
the  compressor  pressure  ratio  is  only  2.4  which  is  not  a  very  high  overall 
pressure  ratio.  But,  when  the  thing  is  turned  down,  the  speed  drops  and  the 
pressure  ratio  across  the  cell  rotor  remains  almost  constant.  Only  the 

pressure  across  the  boost  compressor  tends  to  vary.  And  then  this  tends  to 

keep  the  efficiency  from  falling  off  as  fast  as  it  would  in  the  compressor 
turbine  combination.  When  you  get  the  engine  running  at  full  power,  getting 
262  efficiency,  and  you  drop  down  to  102  power,  the  efficiency  is  still  around 
152  . 

Mr.  Richard  Joy: 

Efficiency  per  se  is  one  thing,  but  what  we  really  need  are  these  defined 
characteristics  of  pressure  ratio  ,  temperature  ratio,  and  flow  so  we  can 
calculate  what  fuel  needs  to  go  into  it.  But  until  you  give  us  those 
characteristics  we  can't  do  anything  with  the  wave  rotor  in  a  turbine.  Just 
simply  can't  do  it!  I  mean  you  take  the  turbocharger,  you  put  it  in  a  car, 

match  it  up  and  it  works  beautifully  at  the  low  end  but  at  high  speed,  what  do 

you  do,  you  waste-gate-it  and  throw  away  all  the  hot  gas.  Now  if  it  comes  to 
pass  that  the  wave  rotor  has  similar  characteristics,  its  value  is  very 
limited. 

Prof.  Berchtoid: 

Yes. 

Mr.  Richard  Joy: 

Moreover,  the  old  requirements  that  it  has  to  accept,  it  has  to  accept  flow 
characteristics  from  the  compressor  which  has  singular  characteristics  of  flow 
parameters  and  pressure  ratio: 

a)  to  avoid  surge 

b)  to  stay  in  the  region  of  maximum  efficiency. 

Will  the  wave  rotor  accept  those  characteristics? 

I  am  from  Missouri  really  and  having  done  an  awful  lot  of  part-load  analysis, 

I  all  too  often  have  found  that  simple  design  point  analyses  lead  to  a  great 
deal  of  trouble  and  very  often  cause  you  to  overlook  some  really  fundamental 
problems. 

Prof.  Pearson: 

I  have  looked  into  the  off-design  performance  and  I  do  have  some  figures. 


Dr.  Shreeve  (Director,  Turbopropulsion  Laboratory,  Naval  Postgraduate  School): 

If  1  could  just  put  In  a  word  here.  When  we  first  got  into  this,  the  thing 
that  struck  me  immediately  was  there  was  no  simplified  way  of  doing  the  study 
of  the  general  performance  of  a  class  of  wave  rotors.  That  is,  it  appeared  to 
me  we  would  have  to  construct  a  feasible  wave  diagram  before  we  could  come  up 
with  that  kind  of  study.  I  would  say  myself  that  that  doesn't  exclude  the  use 
of  the  wave  rotor,  that  just  means  we  don't  have  the  easy  tool  that  we  had  in 
the  past. 

Mr.  Y  (unidentified): 

l  don't  think  we  are  talking  the  same  language.  All  he  is  asking  for  is  a 
compressor  map. 

Prof.  Pearson: 

Here  are  the  test  results. 

Dr.  Shreeve: 

You  only  get  a  compressor  map  by  modeling. 

Mr.  Richard  Joy: 

I  think  chat  you  think  that  what  you  do  with  the  computer  generates  test 
results;  It  generates  a  lot  of  numbers  that  are  totally  unsubstantiated.  We 
need  somehow  or  other  these  characteristics  and  basically  we  need  them  to 
be  defined  by  tests. 

Prof.  Kent  fie  Id: 

We've  got  those  characteristics, 

Mr.  Richard  Joy: 

I  have  not  seen  them  anywhere  here.  All  I  can  say  is,  that  is  what  is  really 
needed. 

Dr.  William  Thayer  (Spectra  Technology): 

I  think  everybody  here  would  understand  that  those  of  us  that  have  worked  in 
the  area  would  say  yes,  great,  we  would  really  like  to  do  it  and  go  talk  to 
the  people  who  we  would  like  to  fund  It.  You  know  1  years  ago  nobody  in  the 
gas  turbine  community  was  very  interested  In  the  technology  at  all. 

Mr.  Richard  Joy: 

Dr.  Berchcold  must  have,  lie  must  have  matched  diesel  engines,  he  must  know 
very  precisely  what  the  pressure,  mass  flow  and  speed  characteristics  of 
these  machines  are  .  Give  us  something.  I  know  you  did  the  matching  to  the 
diesel  engine  and  matching  for  a  diesel  is  very  different  than  matching  to  a 
turbofan  which  presents  all  sorts  of  new  complications  perhaps  you  haven't 
even  thought  of.  And  one  of  them  I  might  add  is  the  fact  that  the  bypass 
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ratio  and  the  fan  pressure  ratio  are  very  intimately  inter-related  because  of 
the  fact  that  both  of  those  two  streams  must  co-exist  at  ecual  static  pressure 
and  that  in  fact  defines  a  range  of  bypass  ratios  and  makes  the  problem  rather 
complicated.  But  we  need  the  characteristics  and  maybe  we  can  get  them  from 
BBC. 

Prof.  Berchtold: 

...(garbled)  Of  course  you  have  to  have  this  information.  But  once  you  have 
settled  on  a  cycle  then  we  can  furnish  a  complete  map  of  pressures, 
temperatures,  with  everything  dimensionless  so  you  can  put  it  into  your 
performance. 

Mr.  Richard  Joy: 

But  you  showed  a  line  of  ten  units  there.  You  must  have  characteristics 
for  all  ten. 

Prof.  Berchtold: 

Sure. 

Mr.  Richard  Joy: 

Maybe  we  can  scale  them  up  and  down. 

Prof.  Berchtold: 

Yes.  You  can  scale  them  up  and  down. 

Mr.  Y: 


My  question  is,  is  that  data  available  and  can  we  obtain  those  curves  from 
you?  Is  that  alright? 

Prof.  Berchtold: 

Not  if  we  don't  know  which  engine  we  are  talking  about. 

Mr.  V: 


If  he  gives  you  the  model  number  of  a  Comprex,  will  you  supply  him  the  curves 
for  the  Comprex? 

Prof.  Berchtold: 

Yes,  but  then  thats  not  the  kind  of  Comprex  he  wants. 

Mr.  Y: 


Well  maybe  he  should  decide  that  .  He  may  decide  that  that  is  the  kind  of 
Comprex  he  wants,  once  tie  sees  the  curves.  I  don't  know  that  it  is  not  the 
one  he  wants. 
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Dr.  Arun  Sehra  (Allison  Gas  Turbine  Division): 

My  name  is  Arun  Sehra  and  I  am  from  Allison  Gas  Turbines.  First  of  all  I 
would  like  to  say  that  we  have  exactly  the  same  concerns  that  have  been 
expressed  by  Dick  Joy.  We  really  want  to  have  a  map  for  the  wave  rotor 
otherwise  we  really  can  not  make  much  sense  of  that.  I  also  have  a  few 
questions  for  Professor  Berchtold  on  the  Allison  250  engine.  1  believe  you 
maintain  the  same  turbine  inlet  temperature  while  calculating  the  thermal 
efficiency? 

Prof.  Berchtold: 

Right. 

Dr.  Sehra: 

Okay  and  you  have  gained  about  22%  in  shaft  h.p. ,  from  420  to  550. 

Prof.  Berchtold: 

Yes. 

Dr.  Sehra: 

At  the  same  turbine  inlet  temperature? 

Prof.  Berchtold: 

The  same  turbine  inlet  temperature  but  not  the  same  Comprex  inlet  temperature. 
Dr.  Sehra: 

Okay,  but  you  have  got  higher  compression,  and  that's  how  you  gained  the 
thermal  efficiency  by  going  to  a  higher  temperature. 

Prof.  Berchtold: 

Right. 

Dr.  Sehra: 

Are  you  getting  some  power  out  of  the  wave  rotor  shaft? 

Prof.  Berchtold: 

Yes,  a  very  small  amount  to  Just  keep  itself  driving. 

Dr.  Sehra: 

And  at  the  turbine  inlet  you  are  saying  that  you  have  got  the  same  temperature 
but  a  higher  pressure  as  compared  to  the  original  cycle? 
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Prof.  Berchtold: 


Yes,  I  think  that  is  correct. 

Dr.  Sehra: 

Okay,  and  did  you  also  look  into  the  volume  occupied  by  the  wave  rotor  ?  Does 
it  fit  into  the  silhouette  of  the  engine  itself? 

Prof.  Berchtold: 

It  fits  about  into  the  envelope  of  the  combustion  chamber  .  Might  be  a  little 
longer  in  fact. 

Dr.  Sehra: 

Thank  you. 

Dr.  Shreeve: 

Max,  I  am  not  sure  whether  the  three  people  giving  the  performance 
calculations  had  any  disagreement  with  each  other.  I  tried  to  keep  track  of 
Che  numbers  and  tried  to  make  comparisons  of  the  suggested  performances  that 
these  people  presented  .  And  I  ask  whether  or  not  there  is  any  obvious 
disagreement.  John  (Kentfield),  did  you  have  something. 

Prof.  Kentfield: 

Yes  but  not  in  relation  to  the  discussion  of  these  three  people. 

(ii >  General  Discussion 
Dr.  Shreeve: 

If  there  are  no  more  questions  on  Ron  Pearson’s  presentation,  let  us  open  it 
up  for  a  more  general  discussion.  I  would  like  to  hear  comments  on  what  people 
think  now,  having  heard  all  of  this.  And  we  have  one  taker  already.  John 
Kentfield. 

Prof.  Kentfield: 

If  X  may  produce  one  vlewfoil  (the  following  is  the  introduction  to  the 
viewfoil).  Well,  t  feel  that  we  have  had  a  very  interesting  couple  of  days, 
the  reminiscing  that  was  going  on  I  think  was  quite  useful  and  l  would  like  to 
draw  attention  to  the  fact  that  there  are  a  lot  of  results  available  on  basic 
things  done  in  the  work  of  20  years  ago.  The  instrumentation  obviously  was  not 
up  to  the  standard  of  the  present  sophisticated  instrumentation  such  as  what 
Matthews  was  describing  yesterday  and  BBC  are  currently  using.  But 
nevertheless  there  are  a  lot  of  cell  filling,  cell  emptying  and  scavenge 
process  data  available  from  Power  Jets,  Limited.  I  do  not  have  acce°»  to  this 
but  since  the  company  doesn't  exist  anymore  it  oust  be  possible  to  obtain  all 
of  these  data  and  some  of  the  data  appear  in  ray  paper.  It  seems  to  me  that 
there  is  a  significant  background  of  data  available  right  now.  It  needs  some 
coordination  to  bring  this  together.  The  other  point  I  would  like  to  make  is 
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that  with  the  use  of  these  things  in  gas  turbines  several  people  have 
commented  that  the  performance  of  turbine  machinery  is  improving  and  that 
there  is  now  perhaps  no  longer  a  need  to  bother  with  one  of  these  machines 
especially  since  the  combined  efficiency  is  maybe  slightly  less  than  what  you 
can  get  from  a  modern  or  a  high  pressure  spool  made  from  a  turbine  and  a 
compressor  with  a  combustion  chamber  in  between.  I  tend  to  think  of  things 
differently,  we  are  surely  looking  here  at  what  I  care  to  call  a  pressure  gain 
combustor.  That  is,  the  Comprex  and  its  combustion  chamber  or  possibly  a 
pressure  exhchanger  with  combustion  in  its  cells  or  if  you  wish  to  think  of  it 
this  way,  an  I.  C.  engine  which  is  highly  supercharged  and  back  pressured  to  a 
greater  pressure.  You  can  think  of  that  as  a  pressure  gain  combustor.  I  think 
the  closest  approach  to  that  was  at  least  one  version  of  the  Napier  Nomad(?) 
engine  many  years  ago.  But  if  one  thinks  of  the  need  or  possible  need  for  a 
pressure  gain  combustor  I  think  one  would  say  that  even  if  you  make 
improvements  in  turbcmachinery  there  is  always  a  need  to  do  something  to 
improve  the  present  combustion  process.  It  is  not  the  combustion  efficiency 
which  is  a  factor  here  but  rather  the  possibility  of  doing  something  which  has 
a  greater  effectiveness  and  one  could  argue  this  on  an  availability  basis. 

This  doesn't  appeal  to  everybody,  but  I  do  so  if  I  may  for  a  moment;  and  what 
we  have  in  this  top  picture  is  a  TS  diagram  and  it  shows  a  Brayton  cycle  and 
here  is  a  pressure  loss  which  has  been  emphasized  to  represent  a  normal 
combustion  situation  and  expansion  through  the  turbine  and  in  the  next  cycle 
shown  here  you  see  what  happens  if  there  is  some  sort  of  pressure  gain  in  the 
combustion.  We  are  going  to  the  same  T^x  or  turbine  inlet  temperature  in 
both  cases.  One  has  to  be  careful  when  they  say  T^x  in  this  sort  of 
situation  but  the  turbine  inlet  temperature  is  the  same  in  both  cases.  There 
is  more  work  available  in  the  expansion  here  than  there  is  here,  (referring  to 
the  slide  on  the  screen).  You  may  say  well,  one  can  do  this  process  here  by 
effectively  adding  on  a  topping  stage  here  to  the  turbo  machine.  Yes  you  can, 
but  then  it  must  still  be  possible  to  superimpose  this  type  of  thing  on  your 
new  improved  cycle.  The  argument  based  on  availability  says  that  If  you  want 
to  go  from  point  b  (I  can't  really  read  my  diagram  here)  to  here,  or  from  here 
to  here,  which  is  the  normal  combustion  process,  if  you  want  to  go  from  there 
to  there,  the  availability  route  tells  you  to  take  the  reversible. .. (garbled) 
with  an  expansion  down  to  here,  an  isothermal  process  at  the  boundary 
conditions,,.. (garbled)  If  you  do  that  and  you  look  at  the  energy  that  is 
required  to  do  this,  which  would  be  the  minimum  energy  required,  and  then  you 
compare  that  to  the  energy  actually  added  to  go  from  there  to  there,  it  turns 
out  that  the  effectiveness  of  the  combustion  process  is  about  60-702.  Well 
now  the  availability  argument  doesn't  tell  you  what  to  do  about  this,  It  just 
tells  you  there  is  room  for  Improvement  there.  If  you  tried  to  do  the  same 
thing  for  the  compressor  or  the  turbine  separately,  there  is  very  little 
difference  between  the  isentroplc  efficiency  and  the  availability 
effectiveness.  It  suggests  to  you  that  the  efficiencies  of  those  components 
are  already  quite  high;  there  is  not  a  big  potential  for  improving  them  on  the 
basis  of  a  peak  efficiency,  maybe  on  worth  of  operating  or  something,  yes.  So 
what  this  would  suggest  is  that  the  scope  for  improvement  is  in  the  combustion 
process;  if  you  have  improved  turbomachinery  you  can  take  “a“  in  this  lower 
diagram.  Here  you  see,  and  it  i9  probably  too  small  for  you  to  read,  an 
increase  In  net  output  for  the  same  pressure  gain,  meaning  the  same  pressure 
gain  In  the  combustion  system  or  reduction  of  the  same  pressure  loss.  Here 
you  see  the  cycle  pressure  ratio  of  the  thing  plotted  at  the  bottom,  and  its 
cycle.  Now  what  happens  here,  on  the  basis  of  fairly  small  changes  like  going 
from,  say,  42  pressure  loss  to,  say,  ho  loss  or  42  pressure  loss  to  3  or  4,  or 
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5%  pressure  gain,  that  kind  of  small  change,  then  what  you  find  is  that  it 
depends  where  you  are  on  this  map.  Now  when  I  say  that  if  you  improve  your 
turbomachinery  you  could  also  make  it  gain  by  still  stacking  on  top  of  that 
some  sort  of  pressure  gain  combustor,  and  then  it  seems  to  me  that  all  you 
have  to  do  is  consult  this  diagram.  Fi  is  the  cycle  temperature  ratio,  theta 
is  the  combustor  temperature  ratio,  I  can't  remember  which  it  was,  so  pi  is 
the  cycle  temperature  ratio  plotted  on  these  dark  lines  and  the  dotted  lines 
are  the  combustor  temperature  ratio.  It  depends  where  you  move  around  on 
these.  Now  if  you  happen  to  be,  say,  down  here  which  is  about  6  to  1  pressure 

ratio,  a  cycle  temperature  ratio  of  3,  the  gain  is  about  22  per  2  change  in 

pressure  loss  in  the  combustor  chamber.  That  is,  this  is  the  gain  we  get  and 
correspondingly  a  reduction  in  the  specific  fuel  consumption.  With  the  same 
temperature  ratio  if  you  happen  to  have  an  engine  out  here,  the  gain  would  be 
4%.  So  it  depends  where  you  are  on  that  map  and  the  gain  does  vary,  it  is 
true,  depending  on  where  you  are  on  there.  So  if  we  compare,  as  has  been 
spoken  about,  the  Allison  CP-50(?)  machine  of  several  years  ago  and  then 
mentally  redesign  a  model  machine  to  get  a  better  performance  it  ia  true  you 
move  about  on  here  but  it  seems  to  tell  you  that  wherever  you  are  on  here 
there  is  some  potential  gain  from  reducing  the  combustion  pressure  loss  and  if 
one  cares  to  think  about  an  availability  argument,  the  availability  argument 
conducted  right  through  the  turbine.  Prof.  Berchtold  told  me  he  has  done  this 

for  a  number  of  engines  on  an  availability  basis  looking  at  all  the  components 

presumably ,  then  what  you  find  is  that  the  combustor  is  one  of  the  worst 
offenders  from  the  point  of  view  of  indicating  that  there  is  a  potential  to  do 
something  about  it.  So  it  seems  to  me,  one  shouldn't  think  the. (garbled) 
has  teen  made  since  the  early  work  was  done  i.e,  the  designs  started  by 
Rolls-Royce,  GE  (the  T-58)  and  so  on,  but  now  that  the  project  has  gone  out 
the  window  there  is  no  need  to  do  anything,  there  is  still  a  need  to  do  it  if 
you  possibly  can.  Provided  of  course  the  penalties  don't  outweigh  the 
advantages.  Now  one  cannot  say  without  doing  more  studies  and  obviously  a  lot 
more  work,  whether  one  could  overall,  on  a  cost-effectiveness  basis  or  power 
to  weight  ratio  basis  be  a  winner  Oft  this,  but  it  seems  to  me  that  one  should 
not  dismiss  this  thing  out  of  hand,  and  l  would  (Hit  In  a  plea  for  any  form  of 
pressure  gain  combustor,  speaking  very  generally.  And  as  I  said  1  would  like 
to  emphasise  that  l  think  anybody  choosing  to  use  a  pressure  exchanger 
specifically  for  a  particular  task  should  make  sure  that  the  thing  is  being 
used  in  such  a  way  that  rhe  advantages  of  chat  particular  device  are 
maximised.  In  other  worus  it's  not  being  made  to  compete  directly  with 
something  else  that  already  exists  now  that  could  do  the  Job  as  well  or  even 
nearly  as  well,  because  if  there's  only  a  very  small  benefit  it's  probably  not 
worth  spending  money  developing  a  new  whatever  it  Ik.  I  think  that's  about  all 
1  would  like  to  say  and  I'd  like  to  give  an  opportunity  to  other  speakers  now 
Thank  vou. 

Dr.  Shreeve: 

Any  comments  on  that? 

Dr.  Arthur  Kantrowits  (Dartmouth  College): 

l  would  like  to  compliment  Ray  again  for  organizing  this  meeting.  One  of  the 
things  we  ought  to  do  is  to  consider  how  the  momentum  that  lie  has  created  can 
be  preserved.  We  have  seen  a  history  of  efforts  that  were  started,  worked  on 
with  enthusiasm,  stopped,  (I'm  guilty  of  both  of  chose),  and  I  hope  that  with 
this  meeting  we  will  start  a  new  era,  because  1  am  persuaded,  as  I  think  most 
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of  the  people  here  are,  that  there  Is  an  enormous  benefit. .. (garbled) ,  in 
addition  to  the  steady  flow,  this  kind  of  wave  equipment  that  will  add  to  our 
potential.  That  transition  has  not  been  made  effectively  except  for  the 
marvelous  advances  that  we  heard  about  from  BBC.  I  think  the  U.S.  has  some 
need  to  try  and  keep  up  with  Switzerland  in  this  respect.  So  I  would  suggest 
that  to  preserve  the  momentum  that  has  been  created  with  this  meeting  that  we 
form  some  kind  of  a  group  which  would  have  three  functions  that  I  can  see. 

i)  To  encourage  information  exchange  of  the  kind  we've  had  at  this 
meeting. 

ii)  How  to  evaluate  performance  claims,  which  in  this  art,  no  less 
than  in  other  arts,  need  some  kind  of  independent  evaluation, 

iii)  And  finally  to  advise  the  government  on  policy  in  how  to  utilize 
available  funds  in  furthering  the  art.  Such  a  group  could  also  aid 
in  the  defense  of  such  funding  from  the  rigors  of  the  budget 
process  in  this  country  and  I  think  that  that  would  be  another 
useful  outcome. 

Dr.  Shreeve; 

Thank  You,  Go  ahead  John. 


Mr.  Y; 


X  would  like  to  take  up  this  opportunity  to  kind  of  continue  the  process  the 
gentleman  from  Williams  had.  1  once  got  involved  in  making  expendable 
turbojets  out  of  Garrett  superchargers  and  found  to  my  dismay  that  Garrett 
didn't  real'.y  like  to  share  all  the  characteristics  of  their  turbo 
superchargers  and  it  was  a  little  bit  frustrating  to  try  ana  convert  these 
things  into  turbojets.  You  know  I  respect  the  right  of  Garrett  to  keep  that 
data  to  themselves  and  the  right  of  BBC  to  do  that  also,  that  Is  in  their  best 
business  interests,  but  on  the  other  hand  if  it  is  possibly  available  it  would 
be  extremely  valuable  to  people  interested  in  using  those  machines  for 
applications  other  than  the  orres-  they  were  intended  for.  In  my  view  that  is 
where  you  realty  ought  to  start.  I'm  really  an  outsider,  I'm  not  a  wave  rotor 
builder.  I  think  you  ought  to  start  by  seeing  if  you  can  exploit  the  BBC 
off-the-shelf  machines,  because  a  guy  could  but  Id. his  own,  but  it  would  be  so 
valuable  he  couldn't  afford  to  test  It,  you  know,  they  would  be  really  afraid 
to  bring  it  up  to  speed  for  fear  of  losing  it  and  then  they'll  be  out  of 
business.  What  they  ought  to  be  doing  is  busting  a  bunch  of  the  off-the-shelf 
machines  ami  if  one  blows  up  putting  another  one  in  its  place  co  find  out  vh&t 
its  going  to  do.  That’s  what  you  ought  to  do  first.  Next  thing  you  ought  to 

do  is  modify  the®,  you  know,  e.g.  if  they  find  the  rotor  is  toa  long  they  saw 

it  in  half,  and  if  they  don't  like  the  pockets  they  fill  them  up  with  weld  or 
something.  When  they've  done  all  that  then  they  ought  to  start  thinking  about 
building  their  own  rotors,  somewhere  downstream ,  you  know,  maybe  10  years  down 
the  road  or  something  like  chat.  That's  what  I  think. 

Prof.  Berchtoid: 

Well  you  sen  your  suggestion  has  been  followed  at  R.K.  We  gave  them  what 

equipment  we  had  so  they  did  not  have  to  start  from  scratch.  That  was  almost 

20  years  ago,  when  we  didn't  have  whole  room  fulls  of  rotors  and  pieces 
available,  there  was  a  limited  supply  available  but  yet  I'm  sure  wo  saved  a 
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lot  of  time  by  giving  that.  Now  what  I  said*  somebody  else  said  it  very 
clearly  also,  in  order  to  make  the  Comprex  match  the  diesel  engine,  we  had  to 
make  an  awful  lot  of  bending(?)  in  all  directions.  Having  a  Comprex  to  be 
used  for  a  narrow  peak  of  performance,  we  think  we  would  do  what  you  say,  we 
would  modify  its  geometry  to  meet  the  very  best  conditions  and  then  we  would 
have  to  measure  its  performance  map.  I  think  a  specific  performance  map 
that’s  good  for  the  diesel  engine,  would  not  be  very  useful  for  most  cases 
that  other  people  would  be  interested  in.  But  it  would  be  easy  to  make  such 
modifications  as  you  said  and  measure  the  raore-or-less’  narrow  speed  range 
machine  in  order  to  get  the  information,  and  then  to  plug  it  into  the 
application  calculations.  Your  suggestion  is  very  well  taken. 

Mr.  X  (Unidentified  Speaker): 

I  would  like  to  bring  in  perhaps  the  outsiders  point  of  view  here.  We  heard 
about  several  engines  or  gas  turbines,  attempts  made  to  develop  them  and  so 
forth;  maybe  you  can  correct  me  but  I  would  guess  a  new  prime  mover 
development  would  cost  an  absolute  minimum  of  50  million  dollars  and  I  would 
give  it  a  15  to  20  years  lead  time  before  it  even  gets  there.  Now  I  have  the 
feeling  that  the  focus  that  we  have  seen  here  with  this  engine  is  very  narrow; 
I  have  the  feeling  that  this  device  would  apply  in  a  tremendously  big  variety 
of  cycles,  Brayton  cycles  or  you  name  it  what,  steam,  organic  fluids, 
refrigeration  cycles  and  so  forth.  Dr.  Kentfield  touched  on  this  15  years 
ago  in  his  paper  that  was  published  a  long  time  ago.  So  I  have  the  feeling 
the  focus  is  narrow,  and  from  our  point  of  view  we  are  interested  in 
industrial  applications  and  maybe  it  won't  be  a  mistake  that  the  first 
commercial  application  is  not  a  gas  turbine  or  a  military  application  but  a 
consumer  turbocharger  that  comes  out  in  the  market.  There  ought  to  be  a 
message  in  here  some  place,  maybe  it  wouldn't  be  a  bad  idea  to  start  off  with 
some  simple  devices  and  then  go  on  to  elaborate  gas  turbines. 

Dr.  Laganelli: 

Are  you  going  to  pay  for  it? 


Mr.  X: 


No,  we  would  like  to  buy  one  of  these  turbochargers  and  bust  it  up  in  our 
laboratory  and  see  what  we  can  do  with  it  and  take  it  from  there. 

Dr,  Shreeve: 

It '8  my  own  opinion  that  you've  got  to  be  a  little  more  exacting  in 
designing  these  devices  than  other  turbomachinery  types  to  get  to  the  point 
where  they  actually  work.  I  think  in  turbomachinery,  it  takes  a  certain 
amount  of  knowledge  to  get  it  to  function,  a  certain  amount  more  to  get  it 
optimized..  I  think  to  get  a  device  like  this  to  work  it  takes  a  lot  more 
detailed  calculation,  I  think  that's  what's  standing  in  its  way. 


Mr.  X: 


Let  me  illuminate  this  from  a  different  point  of  view.  The  suggestion  was 
made  earlier  that  the  real  answer  to  this  problem  will  be  to  come  through  with 
a  total  3-D  calculation  method  as  that  is  going  to  be  the  one  that  will  give  a 
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clear  picture  of  what's  going  on.  Maybe  I  can  remind  you  that  gas  turbines 
are  flying  and  have  been  so  and  there  isn't  really  a  good  3-D  calculation 
method  for  gas  turbines  and  cascades  as  of  today. 

Dr.  Shreeve: 

In  response  I  would  say  that  there  are  good  approximate  models  for  the 
behavior  of  the  flow,  and  I  think  that's  what's  required  here;  that  model  has 
to  be  at  least  good  enough  to  describe  the  processes  to  the  point  where  you 
can  get  the  hardware  to  work. 

Prof.  Kentfield: 

I  think  several  of  us  think,  that  some  of  the  existing  programs  do  this  well 
enough,  maybe  not  perfectly.  Maybe  I  can  speak  for  the  people  from  Spectra 
Technology,  would  you  agree  that  you  think  that  you  have  the  analytical 
capability  already,  which  is  not  perfect  by  any  means  but  good  enough  to 
represent  something  which  allows  you  to  make  a  workable  machine.  It  isn't  as 
if  we  need  to  make  a  huge  step  forward  analytically  to  design  these  things.  I 
mean  the  first  Power  Jets  machine  was  based  on. .. (garbled)  method  of 
characteristics  and  the  machine  worked  quite  well  actually.  As  I  observed 
yesterday,  it  was  one  of  the  very  first  gas  generators,  it  wasn't  designed 
for...  (garbled),  but  the  thing  worked  and  had  a  peak  isentropic  compression 
efficiency  of  0.8,  and  I  can't  remember  after  all  these  years,  it  probably  is 
in  my  records,  the  expansion  efficiency,  was  actually  higher  than  that  and  the 
product  of  the  two  was  around  0,68.  But  that  was  a  machine  that  wasn't 
structured  to  cover  a  wide  speed  range,  it  was  a  very  basic  machine  and  as  I 
showed  yesterday,  it  had  a  somewhat  limited  speed  range.  I  think  the  message 
is,  (Prof.  Berchtold  touched  on  this),  if  you're  going  to  redesign  to  extract 

the  wide  speed  range  capability  of  the  existing  Cooprex,  you  probably  will  get 

a  better  result.  I  think  one  could  look  at  Power  Jets'  results  and  say 
there's  an  implication  from  the  experimentation  that  that  would  be  the  case. 
(And  even  with  the  analytical  tools  available  to  them  in  those  days,  hand 
drawn  wave  diagrams  to  calculate  these  machines,  the  thing  worked  quite  well). 
And  now  we've  got  computerized  methods  to  do  this,  and  I  don't  think  we  need 
to  go  to  those  lengths  to  get  the  things  working  properly. 

Dr.  Shreeve: 

Excuse  me,  I  have  to  respond,  I  was  not  trying  to  say  we  do  not  have  good 

enough  models  now.  I  was  trying  to  explain  we  don't  have  the  machines  now, 

because  I  think  the  modeling  tools  were  inadequate  previously.  Most  of  the 
machines  have  been  done  in  a  laborious  way.  Had  we  had  the  tools,  had  the 
previous  attempts  had  the  tools  at  their  disposal,  they  would  have  got  the 
machines  working  faster. 

Prof.  Kentfield: 

The  Prof.  Spalding  initiated  program  at  Imperial  College  was  really  done  after 
or  during  the  death  of  Power  Jets;  that  did  reach  the  public  Journals  and  it 
is  available  now. 
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Dr.  Shreeve: 


The  first  thing  I  feel  that  is  needed  is  a  balanced  program  involving  three 
levels  of  effort.  But  I'd  like  to  give  some  other  people  a  chance,  Jerry  you 
had  something  you'd  like  to  say? 

Mr.  Jerry  Walters  (Pratt  &  Whitney): 

Well  I'd  just  like  to  make  some  closing  remarks  if  I  may.  My  name  is  Jerry 
Walters.  I'm  with  Pratt  &  Whitney  Aircraft.  Like  many  of  you  I'm  a  novice  to 
the  Comprex  field  but  very  interested  in  it  and  have  been  since  Ed  Resler 
introduced  me  to  it  at  Pratt  &  Whitney  about  five  years  ago.  We've  done  some 
engine  sizing,  looking  at  helicopter  applications  where  a  constant  speed 
output  seemed  to  be  the  obvious  choice  for  a  first  shot  because  we  did  not 
have  to  worry  too  much  about  speed  cycling.  That  was  very  conceptual,  and 
from  what  I've  learned  today,  it  probably  would  not  have  worked  even  if  we  had 
tried  to  make  it,  I  think  we're  way  too  premature,  with  what  I've  heard 
today,  in  trying  to  approach  companies  like  Pratt  &  Whitney,  Williams 
International,  G.E,  and  others  of  the  industry  leaders,  because  there's  a  lot 
of  work  to  be  done  before  they're  going  to  be  in  a  position  to  handle  it.  I 
think  we  heard  a  comment  on  that  already  today  so  I  won't  press  it.  But  it 
seems  that  we  all  know  the  proper  focus  in  this  type  of  activity  is  to  begin 
with  the  DARPA  people  and  to  keep  the  industry  that  you  are  aiming  your 
activities  at  informed  of  what  you  are  doing.  Again,  ray  name  is  Jerry 
Walters,  and  I  am  with  Pratt  &  Whitney  down  at  the  Government  Products 
Division  in  West  Palm  Beach,  Florida  and  my  phone  is  305-840-2352,  and  any 
time  you  have  something  that  looks  like  it  is  going  to  apply  to  my  product 
line,  I  can  guarantee  you  I  will  send  you  a  ticket  to  come  and  tell  me  about 
it.  I  am  responsible  for  all  conceptual  design  activities  for  government 
products  and  there  is  no  good  idea  that  I  will  turn  away.  I  will  give  you  all 
the  time  you  need  to  tell  me  about  anything  you  have  to  offer.  But  right  now 
I  don't  think  I  am  ready  to  listen  to  anybody  because  there  is  a  lot  of  work 
to  be  done.  But  that  work  needs  to  be  focussed,  and  I  think  Ray,  you  deserve 
a  big  hand  from  all  of  us  for  putting  this  first  meeting  together,  because  it 
is  really  needed  so  that  we  understand  how  much  activity  is  really  going  on  in 
the  world. 

I  did  want  to  share  a  couple  of  things  with  you,  I  heard  some  technology 
levels  that  you  are  all  working  at  that  I  think  are  remarkably  low.  I  think 
that  you  would  appreciate  it  if  I  gave  you  a  little  bit  of  insight  as  to  what 
your  new  technology  goals  should  be  in  the  engines  that  you  are  working  on. 

At  P&W,  we  are  presently  running  state-of-the-art  turbines  that  run  at  about 
2000  ft/sec.  I  think  you  ought  to  update  all  your  calculations  to  include  that 
kind  of  number.  That  would  be  with  a  gatorized  inconel  100  material  which  is, 
its  not  important  what  the  material  is,  the  important  thing  is  that  you've  got 
in  excess  of  200,000  psi  strength  in  that  type  of  material  and  you  should 
factor  that  into  your  calculations.  Clearly  if  you're  going  to  have  a 
successful  flying  machine  you've  got  to  have  very  small  volume  density,  and  by 
that  I  mean  the  airframe  guy  wants  a  very  small  nacelle,  so  you've  got  to  keep 
your  focus  on  very  small  frontal  areas  and  to  do  that  you've  got  to  go  to  high 
pressures.  Now,  I  was  very  fascinated  that  you've  all  zeroed  in  on  the  fact 
that  the  Industry  does  need  high  pressure  compressors  to  be  supercharged  by 
fans;  you're  right  on  track  on  that  and  I  think  you  should  pursue  that.  A  lot 
of  negative  thinking  people  out  there  will  try  to  convince  you  that  with  the 
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advent  of  carbon-carbons  and  ceramics,  we  can  go  to  higher  temperatures  and 
get  out  of  trouble.  Well  put  on  the  brakes,  say  hold  it,  I've  heard  all  that, 
and  I  don't  care,  because  you've  still  got  a  problem  with  blade  heights  in  the 
axial  compressor  and  that's  been  expounded  upon  several  times.  I  just  want  to 
tell  you,  you're  right  on  board,  that's  exactly  where  the  industry  is.  We  do 
need  the  high  pressure  compression  technique  in  the  Comprex  and  as  soon  as  you 
think  you've  got  something  that  is  really  a  winner,  I' think  you  should  go  for 
it.  There  are  two  applications  I  can  think  of  that  would  be  first;  things 
that  I  would  recommend  to  ray  company.  First  of  all,  you  can  circumvent  the 
problem  of  speed  range  by  going  to  machinery  that  doesn't  need  a  big  speed 
change;  let's  get  the  industry  started  with  something  that's  rather  simple. 

The  helicopter  I  mentioned,  that  has  a  very  small  speed  change  requirement.  I 
think  there,  when  you  increase  the  pitch  on  the  foils,  you  add  extra  torque 
without  any  speed  change  and  the  Comprex  is  ideal  for  that  from  what  I  heard 
today.  So  that  would  be  one  area  that  you  might  want  to  investigate.  The 
second  one  is  with  the  President's  focus  now  on  Star  Wars,  we're  very 
interested  in  transatmospheric  vehicles  and  I  don't  know  if  any  of  you  are 
working  on  that,  but  we  certainly  are  starting  our  activities  and  in  that 
arena,  at  Mach  5,  the  inlet  temperatures  are  at  about  1850°F  and  the  industry 
is  crying  for  a  device,  it  could  be  a  wave  machine,  I  haven't  run  numbers 
through  this  so  I  couldn't  tell  you  this  for  sure,  but  it  sounds  like  a  wave 
machine  might  very  well  be  very  applicable  for  this  because  of  its  ability  to 
handle  high  temperatures.  What  we  need  out  of  that  machine  is  an  output  of 
cool  air  to  cool  the  components  that  are  outboard  the  aircraft  and  in  the 
nacelle.  There  are  enormous  thermodynamic  cooling  requirements  onboard  a 
machine  that's  going  to  cruise  at  Mach  5  or  accelerate  to  Mach  6  or  whatever, 
the  scenario  ends  up  being  before  you  go  into  orbit.  Those  are  going  to  be 
fairly  long  missions  and  the  turbojet  engine  bay  would  have  to  be  cooled,  so 
there  are  a  lot  of  volume  flow  requirements  there,  and  you  also  have  nozzle 
parts  and  miscellaneous  accessories  on  the  accessory  boxes  that  have  to  be 
cooled.  So  there's  a  lot  of  cooling  requirement,  and  if  we  insist  on  staying 
with  non  cryogenic  materials,  a  thing  like  a  Comprex  machine  might  be  the  way 
to  go.  I  think  the  Comprex  has  a  real  place  in  the  world.  My  friend  from 
Williams,  (referring  to  Mr.  Dick  Joy),  I'm  a  real  admire  of  his,  I  guess  he 
doesn't  know  that,  but  I  happened  to  have  looked  at  a  couple  of  installations 
on  the  ALCM  that  Boeing  builds  and  on  the  Tomahawk  that  General  Dynamics  is 
building.  To  get  as  small  a  diameter  as  his  107  engine,  you've  got  a  job  on 
your  hands.  So  I  would  suggest  that  you  go  after  maybe  a  third  application, 
which  would  be  something  like  what  C.E.,  P&W,  and  maybe  R.R.,  I'm  sure  R.R,  is 
right  in  there  with  us,  in  very  large  bypass  fans  for  commercial  applications, 
there  you  can  nest  a  larger  Comprex  machine  without  a  big  penalty  in  the 
nacelle  diameter;  in  other  words,  they're  not  that  sensitive  to  nacelle 
diameter  increases,  so  that  might  be  a  better  choice.  Our  mission  analysis 
studies  show  that  there  is  really  no  advantage  in  going  to  high  pressure.  Now 
when  I  say  high  pressure  I'm  talking  about  40  to  60;  the  commercial  engine 
people  would  like  that  and  we  would  like  it  in  cruisa  missiles,  in  fighter  and 
bomber  aircraft  that  are  subsonic.  But  as  soon  as  you  start  getting  into 
supercruise  missions  and  supersonic  flow  the  high  pressure  ratio  has  no 
advantage.  The  SR-71,  as  you  know,  cruises  at  Mach  3  and  it  has  a  pressure 
ratio  of  8.  If  we  were  to  do  that  engine  today  it  would  probably  be  6,  So 
there's  no  big  driver  to  have  machinery  which  can  give  you  large  pressure 
ratios  at  high  Mach  number  applications.  So  I  would  focus  on  the  low  Mach 
number  machines  and  high  bypass,  especially  where  you  can  mask  the  probable 
increase  In  the  size  of  the  nacelle  without  a  large  penalty  to  the  aircraft's 
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requirements.  Lastly,  I've  also  heard  a  lot  of  things  about  brazing  and 
casting  and  I've  got  to  tell  you  that  we  have  something  to  offer  you  at  P&W, 
known  as  Gator izing.  The  Gatorizing  process  can  give  you  a  part,  or  a  rotor, 
any  one  of  the  rotors  that  I've  seen  over  the  last  few  days,  we  can  gatorize 
for  you  to  net  dimensions.  In  the  various  super  alloys  that  I've  just  told 
you  about-we  can  give  it  to  you  in  Titanium,  super  nickel  alloys,  anything  you 
want  in  that  area-and  they  aren't  terribly  expensive.  .  We  have  techniques  now 
that  we've  developed  that  make  the  making  of  those  parts  very  easy,  and  I 
think  we  can  cooperate  with  you  on  any  kind  of  venture  like  this  if  you  want 
to  get  into  this.  Any  questions,  I'll  be  happy  to  answer  any  questions. 

We're  very  strong  in  materials  technology,  so  any  problems  you  have  in 
materials,  or  any  bonding  techniques,  diffusion  bonding,  we  can  do  enormous 
things  for  you  in  that  area. 

Dr.  Lebius  Matthews  (Brown-Boveri  Company  Ltd.): 

What  is  Gatorizing? 

Mr  Jerry  Walters: 

O.K.,  P&W  has  developed  a  process  called  R.S.R. ,  Rapid  Solidification  Rate;  we 
take  basic  Ingots  and  melt  them  down,  drip  them  onto  a  spinning  plate  in  an 
environment,  and  in  that  environment  we  can  cool  at  several  million  degrees 
per  second  and  thus  rid  any  oxides  from  the  material,  so  we  end  up  with  a 
pure,  if  you  will,  particulate,  that  we  can  then  press  into  an  ingot,  go  to  a 
Molybdenum  complex  die,  take  the  material  up  to  its  incipient  melting  point 
and  press  it  into  a  net  shape,  any  kind  of  a  shape  you  can  conceive  of  we  can 
make.  For  example,  let  me  tell  you  about  one  that  is  really  complex  that  we 
are  doing  for  a  customer.  He  wanted  a  radial  inflow  turbine,  and  he  wanted  to 
run  at  high  temperatures,  higher  than  what  anybody  else  has  run  in  a  radial 
inflow  turbine.  So  we  took  our  blade  material,  which  we  call  alloy  Y,  it  is  a 
directionally  solidified,  crystal  oriented  material,  in  which  we  control  the 
plane  of  the  crystal  structure.  We  cast  that  to  the  net  shape  that  we  wanted 
on  the  final  assembly.  We  then  took  our  raw  powder  in  AF21DA  (?),  which 
happens  to  be  a  very  fine  grain  material  which  you  want  in  the  bore  of  a  disk, 
and  we  gatorized  that  small  bore  portion  of  the  disk.  Then  wo  took  a  major 
portion  of  the  flow  path  in  the  blades  and  a  little  bit  more  of  the  disk  which 
you  might  call  the  rim,  Just  where  the  blades  attach  on,  and  we  made  that  out 
of  AF21DA.  We  then  purposely  heat  treated  it  in  order  to  grow  the  crystal  to 
get  large  creep  strength.  To  the  blade  tip  of  this  large  crystal  material,  we 
stuck  on  the  Alloy  Y  with  its  crystal  orientation.  This  gives  the  customer  a 
part  which  he  can  inspect  with  zero  defect.  The  materials  themselves  have  no 
flaws,  or  they  are  certainly  undetectable  flaws  (with  any  of  the  techniques  we 
have  for  measuring  flaw  sizes),  that  is  you  cannot  detect  the  parting  line 
between  these  various  alloys  when  you  do  a  spectrograph  analysis  or  any  other 
kind  of  analysis.  Other  than  the  visual  color  change  of  the  grain  boundary, 
you  can  not  detect  the  parting  line.  So  that's  a  very  exciting  area  and  that 
process  is  going  into  production  very  shortly  and  we  have  prototype  parts 
coming  out  right  now.  So  for  anything  where  you  have  a  complex  orientation  of 
strengths,  or  where  you  need  fine  grain  root  strengths  of  220,000  psi  in  the 
core  and  great  creep  strength  or  stress  rupture  strength  in  the  blade  area,  or 
something  which  doesn't  have  to  have  much  strength  but  just  survives  without 
melting  down,  we'll  give  you  something  like  an  alloy  Y  tip.  So  there  are  a 
lot  of  neat  things  going  on,  I'm  sure  G.E.  has  similar  types  of  programs.  We 
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have  them,  I'm  sure  Williams  International  has  them,  most  of  the  engine 
companies  now  are  getting  very  strong  in  the  materials  area  and  we’re  very 
proud  of  the  whole  industry  and  what  we're  doing  in  the  high  temperature 
materials  area.  Thank  you  very  much  for  your  indulgence. 

Mr.  Clinton  Ashworth  (Pacific  Gas  &  Electric): 

I  came  here  for  a  couple  of  reasons,  one  of  which  was  to  try  and  find  some 
ideas  for  something  to  sponsor  but  unfortunately  I  feel  I  am  going  away  empty 
handed.  I  represent  PG&E  which  is  the  local  power  company  here,  and  my  name 
is  Clinton  Ashworth.  We  are  a  large  company,  and  I  was  gratified  to  read  this 
weeks  Business  Week  to  find  that  in  one  of  the  categories  of  the  largest 
corporations  in  America,  we  are  number  21.  We're  the  largest  single  sponsor  of 
the  Electric  Power  Research  Institute.  The  California  utilities  have 
considerable  interest  in  looking  at  very  high  temperature  cycles,  and  if  we 
can  find  applications  or  potential  applications,  then  putting  in  a  little  bit 
of  seed  effort  into  these  things.  I  don't  think  I'm  speaking  alone  on  this 
subject,  we're  looking  for  ideas  but  we  are  very  selective.  We're  looking  for 
ideas  that  are  potentially  useful  and  we  feel  there  is  a  need  for  the  ultimate 
customers  of  whatever  it  is  people  are  developing  to  participate  in  them, 
giving  them  some  market  oriented  guidance  from  the  onset  of  the  works,  so  that 
we  don't  end  up  with  a  bunch  of  white  elephants  that  someone  has  put  a  lot  of 
money  into.  I  got  a  call  from  Southern  California  Edison  on  Monday  and  the 
question  was,  (we  have  been  thinking  about  MHD),  what  should  we  do  next? 

Their  apparent  position  has  changed  and  we  are  now  looking  for  things  that  are 
potentially  useful  and  applicable  to  power  generation.  The  hottest  thing  we 
have  got  going  at  the  moment  in  my  shop  is  the  work  we  are  doing  on  mass  steam 
injected  gas  turbines  (M.S.I.G.T. ),  The  utility  industry  is  thinking  small, 
we're  not  spending  a  great  deal  of  effort  on  the  kinds  of  conventional  things 
that  we're  noted  for  and  accustomed  to.  And  so  I  regret  that  I  feel  like  I  am 
going  away  without  a  good  sponsorable  idea,  that  is  a  concept  with  some 
specifics  that  are  applicable  that  we  can  encourage  the  development  and 
research  on  by  showing  a  little  bit  of  interest.  We  put  about  one  million 
dollars  last  year  on  the  M.S.I.G.T.,  and  another  $450,000  into  the  so  called 
Cheng  Cycles.  I  think  we  are  big  on  our  R&D  budget  but  small  on  good  ideas,  we 
are  selective  and  we  have  got  to  have  good  ideas  and  if  anyone  has  an  idea  to 
apply  these  energy  exchangers  to  the  kinds  of  things  that  the  utilities  would 
be  interested  in,  I  would  be  very  interested  in  hearing  about  them. 

Mr.  George  Derderian  (NAVAIR): 

Ray,  to  me  this  is  an  educational  process,  my  knowledge  of  wave  rotors  and 
Cooprexes  being  meager,  I  am  impressed  by  the  dedication  of  the  many  people 
over  many  years  in  this  subject  area,  and  it  appears  to  me,  looking  at  what's 
happening  here,  funding  has  been  provided  on  a  very  limited  basis,  on  a 
stop/go  basis.  At  the  same  time,  when  you  look  at  what  is  available  in  terms 
of  funding  to  cover  projects  of  this  sort,  that  also  is  very  limited.  Two  or 
three  things  that  I,  from  a  sponsor's  point  of  view,  would  like  to  know  is 
could  one  do,  in  some  rational  and  logical  way,  a  comparative  pay  off  of  wave 
engines  versus  classical  gas  turbines.  Because  it  is  not  apparent  to  me 
readily,  although  I  have  looked  at  cycles  and  I  think  I  understood  partially 
what  was  being  said,  what  the  potential  pay-offs  are,  and  therefore  why  should 
one  fund  this?  The  second  thing  is,  assuming  that  the  pay-off  does  exist,  a 
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lot  of  work  has  been  done  in  bits  and  pieces.  I'm  not  sure  who  the  key  bodies 
are  here  that  ought  to  go  out  and  get  funding,  I  know  that  I  can  not  fund  the 
class  of  project  that  I  think  this  falls  into.  We  have  to  find  out  what's  been 
done,  what'  s  satisfactory,  what's  unsatisfactory,  find  out  what  state  these 
things  are  in,  find  out  what  the  voids  are,  and  of  the  voids  that  exist  there 
are  only  perhaps  some  critical  items  that  ought  to  be  taken  care  of.  I  spoke 
with  Arthur  (Kantrowitz)  a  few  minutes  on  this  subject,  and  I  would  very  much 
encourage  the  kind  of  committee  that  he  spoke  of.  You  can  not  deal  with  this 
in  bits  and  pieces  because  you  will  flounder  for  another  20  years.  That's  my 
opinion,  and  I  say  when  this  meeting  closes  there  has  got  to  be  an  action. 

You  cannot  just  walk  away.  I  fully  agree  with  Dr.  Kantrowitz*  suggestion  that 
action  has  to  be  taken,  and  I  think  the  minutes  of  the  meetings  should  reflect 
these  actions  or  proposed  actions. 

Prof.  Shreeve: 

Did  you  have  a  comment,  Max? 

Prof.  Max  Platzer  (Naval  Postgraduate  School): 

I  am  not  sure  if  the  conclusion  needs  to  be  that  there  is  going  to  be  another 
20  years  of  floundering. 

Mr.  Derderian: 

There  should  not  be. 

Prof.  Platzer: 

There  should  not  be.  My  impression  is  that  the  technology  that  is  currently 
available  be  applied.  I  am  looking  at  Professor  Berchtold,  that  one  can  put 
together  the  partial  system  for  the  kinds  of  applications  that  have  been 
mentioned.  Examples  are  helicopters,  high  flying  aircraft  and  so  on.  All  we 
need  to  do  at  the  moment  seems  to  me  is  to  get  on  with  the  job. 

Mr.  Derderian: 

I  see  quite  a  bit  of  computational  work  taking  place,  a  number  of  experiments 
over  a  period  of  time,  and  an  industrial  product  that's  on  the  rarket  now. 

The  tone  of  what's  being  talked  about  here  is  a  device  that's  flightworthy. 

Let  me  give  you  a  brief  backgound  as  to  my  qualifications;  l  was  the  head  of 
one  of  the  branches  which  engineered  and  qualified  engines  for  the  Navy, 
helicopters  and  the  like.  Now  if  you  were  to  come  to  me  with  what  is 
available  today,  I  would  not  support  it.  Because  to  put  an  engine  up  in  the 
air,  you're  talking  about  huge  resources,  millions  of  dollars,  (helicopters 
ure  five  to  fifteen  million  dollars  a  piece),  and  you  are  crashing  substantial 
equipment  if  and  when  meager  things  fail.  And  if  there  are  people  in  these 
vehicles,  a  crash  usually  means  some  deaths.  With  turbochargers  the  problem  is 
not  so  serious,  a  car  or  a  truck  will  just  stop  and  pull  off  the  road.  But  if 
we  happen  to  have  a  technological  failure  in  the  case  of  wave  rotor  gas 
turbines  we  are  talking  of  an  expense  running  into,  perhaps,  a  billion 
dollars;  a  technological  failure  for  even  a  simple  helicopter  can  very  well 
run  into  this  kind  of  a  figure.  I've  undertaken  some  fairly  sizeable  projects, 
and  l  was  talking  to  Dr.  Kantrowitz  about  fibre  optics,  where  we  are  in  the 


396 


process  of  doing  something  similar.  When  you  look  at  how  to  apply  these 
things  to  aircraft  controls,  or  aircraft  engine  controls,  you  find  out  that 
some  of  the  control  instruments  and  transducers  etc.  have  not  been  developed. 
We  didn't  know  what  the  voids  were  and  where  to  put  the  dollars.  I'm  not 
saying  that  the  work  that  has  been  done  is  not  worthy,  I'm  saying  that,  I 
don't  know  what  I  should  work  on  next  if  I  had  to  fund  something;  what  to  work 
on  next  to  make  something  happen.  It  appears  as  though  there  is  something  to 
this  type  of  machinery  and  one  must  take  advantage  of  that. 

Prof.  Platzer: 

Do  I  hear  that  we  should  make  specific  proposals  for  the  development  plan, 
what  should  be  worked  on  next,  is  this  what  should  be  done?  Is  this  what  the 
outcome  of  the  meeting  should  be? 

Dr.  Shreeve: 

Am  I  right  George,  that  you  are  not  yet  convinced  of  the  potential? 

Mr.  Derderian: 

No.  That  is  not  what  I  said.  Absolutely  not. 

Dr.  Shreeve: 

You  are  convinced  of  the  potential,  but  you  don't  have  a  project. 

Mr.  Derderian: 

No,  that  is  not  what  I  am  saying.  What  I  am  saying  is  that  the  area  is  wide 
open.  Bits  and  pieces  have  been  done.  You  have  a  huge  mosaic  if  you  will, 
okay,  and  bits  and  pieces  of  the  wall  of  this  mosaic  have  been  put  together. 
Some  of  it  is  good  work  and  some  of  $.t  is,  frankly,  just  short  of  disaster.  I 
must  be  blunt  about  it,  because  I  don't  want  to  say  everything  is  alright  when 
everything  is  not  alright.  But  there  is  substantial  good  work  here.  Now,  if 
one  were  to  logically  fund  parts  of  this,  because  there  appears  to  be  a 
payoff,  the  question  is  what  should  one  fund?  I  don't  know,  and  I  am  not  sure 
that  there  is  someone  that  can  come  in  and  say,  okay,  you  need  to  do  this.  In 
this  type  of  equipment  it  isn't  readily  apparent  to  me  what  we  have  to  do 
early  on  to  get  this  piece  of  equipment  to  become  a  successful  machine. 

Mr.  Nick  Daura  (Naval  Air  Propulsion  Center): 

First  of  all  I  would  like  to  say,  Ray,  that  you  have  done  a  marvelous  job  in 
getting  the  total  wave  engine  community  together  for  this  workshop.  I  have 
seen  what  I  consider  five  different  groups  that  have  added  to  the  total  effort 
in  this  area.  Mr.  Pearson  has  piqued  the  curiosity  of  everybody  in  this  room 
because  he  has  run  the  thing  and  apparently  has  been  successful.  And  yet  the 
question  burns,  why  can't  we  repeat  this?  And  then  I  see  Spectra  ^Technology) 
with  some  excellent  work  in  the  area  of  analysis,  as  I  see  Exotech  and  Science 
Applications  Inc.  Where  I  see  Spectra  coming  from  is  that  they  say,  well,  we 
are  either  going  to  do  more  analysis  to  get  a  higher  confidence  level  or,  we 
are  going  to  start  cutting  metal  and  start  building  something.  Now  I  say,  good 
luck,  find  somebody  who  will  help  you  cut  metal,  and  I  don't  know  if  they  can 
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make  a  convincing  enough  proposal  to  do  that  as  their  next  step,  to  get  into 
experimenting.  When  I  see  Brovm  Boveri,  they  have  apparently  been  successful 
with  the  Comprex.  For  two  years  we  have  seen  the  Cowprex  in  production,  but  we 
don’t  see  a  measure  of  success  and  we  are  waiting  for  BBC  to  gain  a  greater 
share  of  the  commercial  market.  Then  we  see  General  Power  Corp,  and  we  say 
they  have  got  to  run  the  thing  in  a  self-sustaining  mode  and  produce  power. 
Only  then  will  we  start  making  some  marks  in  this  wave  rotor  community  that 
people  will  take  notice  of. 

Dr.  Thayer: 

1  have  a  couple  of  comments.  Having  worked  in  the  area,  (not  as  many  years  as 
many  people  here),  I  heard  some  suggestions  early  on  this  afternoon  that 
people  take  BBC’s  rotors  and  experiment  with  them.  I  think  that  is  a  very 

misdirected  idea.  I  think  Ray  (Shreeve)  probably  has  a  little  bit  of 

appreciation  for  that,  having  taken  a  rotor  that  somebody  built  20  years  ago 
and  building  an  experiment  around  it  .  It  compromises  all  the  objectives  that 
you  can  have  in  doing  an  experiment.  I  think  that,  without:  mentioning  specific 
company  names,  if  you  try  to  do  a  project  that  is  misdirected,  that  deals  with 
au  idea  that  is  possibly  flawed,  or  tries  to  have  too  ambitious  an  objective 
without  an  appreciation  for  all  the  parts,  (and  these  devices  are  very 
complex),  somebody  can  very  easily  bury  the  whole  project,  the  whole  concept. 
There  are  several  different  steps  that  need  to  be  taken.  Some  of  them  are 
analytical,  I  think  nobody  here  who  has  talked  about  analysis  has  the  wrong 

approach,  I  think  there  are  features  of  everybody's  work  that:  adds  to  the 

overall  understanding  of  this  problem;  however,  there  are  a  lot  of  mechanisms 
that  people  have  really  not  dealt  with  adequately.  Shmuel  (Eldelman)  has 
dealt  with  one  problem  which  is  an  important  problem.  Maybe  a  less 
sophisticated  way  (using  techniques  that  have  been  around  for  many  years)  can 
still  contribute  to  the  understanding  of  the  complex  unsteady  rluid  dynamics 
of  what'  s  going  on.  I  think  analysis  has  to  be  done  and  it  has  to  be 
improved.  I'm  not  sure  that  it  has  to  be  taken  much  further  than  it  is  now  to 
identify  the  critical  issues  which  are  going  to  control  whether  a  specific 
machine  works  or  doesn't  work.  So  there  has  to  be  a  well  founded  approach  in 
terms  of  analysis  and  experiments,  and  I'm  not  sure  the  analyses  that  are 
available  now  are  not  adequate  to  put  together  a  machine  that  works  reasonably 
well.  Basic  research  is  needed  for  some  critical  processes;  maybe  it  will  stop 
machines,  maybe  it  won't.  I  think  a  multi-faceted  approach  to  develop  these 
machines  Is  needed.  It  includes  both  analyses  and  experiments  with  a  maximum 
draw  on  past  work  that's  been  done,  which  is  really  not  available  to  a  lot  of 
people.  I  would  really  like  to  see  the  RR  and  the  G.E.  information  exposed  so 
that  those  of  us  that  could  make  comparisons  and  analysis  with  past 
experiments  have  enough  information  to  do  that  kind  of  thing.  There  is  no  way 
right  now  for  us  even  to  compare  what  we  have  done  to  what  anyone  else  has 
done.  The  whole  area  is  so  fragmented,  that  there  is  no  continuity  of 
thought. 

Dr,  Shreeve; 

The  formation  of  the  committee  could  help  to  rectify  that. 

Dr.  Thayer: 

Certainly. 
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Mr,  Z  (Unidentified  Speaker): 

I  think  that’s  a  good  point,  because  if  your  analysis  is  good  enough,  that  you 
could  for  instance  use  it  to  predict  the  characteristics  of  the  Comprex  in 
terms  of  overall  performance,  then  you  would  have  some  confidence  in  that 
technique.  You  could  then  apply  these  characteristics  to  other  wave  rotor 
concepts  that  are  optimized  for,  let’s  say,  turbofan  engines,  and  give  the 
gentleman  from  Williams  International  his  map,  albeit' analytical,  and  he  can 
do  his  cycle  studies  with  it.  Without  that  you  are  going  to  have  a  hard  time 
convincing  anybody  that  it  has  application  capability.  I  think  the  analysts 
have  to  get  together  with  the  experimenters  and  verify  each  other's  work,  and 
be  able  to  produce  characteristics,  not  necessarily  for  the  machines  that  have 
been  designed  and  tested,  but  for  new  machines,  using  extrapolated  analytical 
capability,  that  are  designed  or  optimized  for  turbojet  applications. 

Dr.  Matthews: 

I  have  an  assorted  bag  of  comments.  I  want  to  say  that  computational  and 
experimental  efforts  have  to  go  hand-in-hand.  Any  advance  in  computation  is 
only  as  good  as  its  experimental  verification.  For  example,  the  excellent 
predictions  that  Dr.  Eidelman  has  made  are  only  fully  valuable  when  they  can 
be  experimentally  verified;  for  example  using  the  two-focus  laser  technique  we 
have.  Each  advance  in  computation  has  to  be  matched  with  an  advance  in 
experiment  and  we  should  have  an  exchange  of  information.  There  could  be 
proprietary  interests  which  may  come  in  the  way  of  doing  this. 

Mr,  Z: 

But  that  would  only  be  necessary  to  use  the  analytical  technique  to  predict 
the  overall  characteristics. 

Dr.  Matthews: 

Exactly,  but  when  you  have  detailed  computations  showing  what's  happening 
inside  a  cell,  then  you  need  detailed  measurements  to  match  that.  Similarly, 
to  have  global  measurements  and  characteristics, .. (garbled) ,  you  need  to  run 
cycles  to  show  whatever  it  maybe  at  whatever  depth  you  have  to  match  them. 
That's  one  problem.  The  other  comment  is  that  in  this  two  day  meeting  we  have 
had  a  historic  review  of  everything  that  has  happened  in  wave  engines  in 
several  countries  and  I  would  like  to  briefly  mention  that  recently  t  have 
been  made  aware  of  the  fact  that  there  is  work  going  on  in  the  People's 
Republic  of  China.  They  are  working  on  the  Comprex  in  two  places,  in  Canton 
and  in  Peking,  I  don't  have  further  details  as  yet,  but  I  hope  to  find  out 
some  more  about  it,  I  believe  that  their  direction  is  towards  supercharging 
as  well.  Next,  the  point  which  you  made  about  the  lack  of  commercial  success, 
there  I  want  to  say  that  as  engineers  we  feel  that  we  have  made  a  useful 
machine,  something  that  works,  and  we  are  thoroughly  pleased  with  it*  We  have 
tested  it  extensively.  But  you  have  pointed  out  that  it  has  not  been  a 
commercial  success,  and  that  is  certainly  something  that  bothers  BBC.  There  I 
must  say  that  a  product  which  is  being  sold  commercially  must  be  perceived  to 
be  useful  and  not  only  Just  be  useful;  in  fact  you  can  sell  the  most  useless 
things  provided  you  have  created  the  right  image  with  the  right  advertising. 
The  difficulties  which  we  might  have  in  making  it  a  commercial  success  might 
not  be  the  same  that  bother  you  in  your  engine  program,  because  here  in  the 
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engine  program  there  are  engineers  convincing  other  engineers,  whereas  in  our 
situation  it  is  a  question  of  trying  to  convince  the  man  on  the  street  to 
spend  one  hundred  dollars  more  on  something.  Just  like  you  in  America  have  the 
anti-nukes,  we  in  Europe  have  the  anti-motoring  lobby  which  believes  that  the 
motor  car  is  responsible  for  acid  rain  and  that  there  should  be  much  less 
motoring  and  that  the  speed  limit  should  come  down,  and  gasoline  should  be 
rationed.  So  there  are  all  kinds  of  such  social,  political,  and  economic 
factors  against  which  we  have  to  struggle  to  make  it  a  commerical  success. 
Nevertheless  we  hope  that  this  success  is  coming  our  way.  Finally  I  want  to 
say  that  this  has  been  a  fascinating  educational  experience  for  me,  I'm  glad 
to  know  that  there  is  so  much  interest  in  it  elsewhere  in  the  world,  I  have 
come  down  from  the  Swiss  mountains  and  am  delighted  to  find  that  here  is 
something  which  is  getting  a  lot  of  attention.  I  want  to  wish  my  American 
colleagues  good  luck.  Thank  You. 

Dr.  Shreeve: 

1  would  like  to  add  one  remark  here.  1  think  if  there  had  been  so  much  promise 
on  paper  earlier,  you  would  probably  have  seen  three  prototype  efforts  going 
on  In  different  companies.  The  days  seem  to  have  gone  when  it  was  possible 
to  explore  ideas  in  prototype  programs,  simply  because  of  cost.  I 
see  that  as  the  difference.  I  think  the  promise  is  there.  Now  you  have  to  be 
extremely  careful  before  you  can  get  programs  funded,  and  you  can  only  do  one. 
That  puts  the  onus  on  somebody  to  produce.  I  see  that  as  the  main 
obstruction.  It  will  never  be  possible  to  fund  two  competitive  efforts  in 
tliis  field. 

Mr,  Richard  Joy: 

I  just  got  an  Idea  of  how  you  might  get  some  of  that  P.G,  &  E.  money  out  of 
Mr.  Ashworth.  The  Cheng  Cycle  is  a  splendid  device  that  was  patented;  I 
thought  I  Invented  It  20  years  ago.  It  involves  putting  a  lot  of  steam  into 
the  turbine  and  forcing  the  turbine  to  pass  maybe  202  or  102  more  air  than  the 
compressor  is  delivering.  The  net  result  is,  the  turbine  cannot  handle  that 
extra  mass  of  gas,  so  it  causes  the  compressor  to  surge.  Now  they  would  like 
to  put  in  about  20£  by  weight  more  steam  through  the  turbine  than  is  currently 
going,  and  the  only  way  you  can  do  that  without  causing  the  compressor  to 
surge  is  to  boost  the  compressor  ratio  about  202,  i.e.,  we  want  a  burner  with 
a  20£  pressure  rise.  Which  apparently  the  comprex  will  do. 

Mr.  Clinton  Ashworth: 

My  only  comment  on  that  is  if  two  Cheng  Cycles  are  running,  they  don't  know 
that  they  need  202  more... 

Mr.  Richard  Joy: 

You  haven't  fully  exploited  the  full  advantage.  You  haven't  raised  all  the 
steam  you  could  have  in  the  boiler,  nor  put  It  back  in,  and  your  potential  has 
been  limited.  Think  about  what  Che  Comprex  can  do  for  you. 

Mr.  Clinton  Ashworth: 

l  think  the  idea  of  the  combined  topping  in  a  Cheng  cycle  or  a  steam  Injected 
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gas  turbine  with  an  energy  exchanger  is  something  that  looks  good  on  paper, 
and  something  that  we  might  be  interested  in  looking  into. 

Dr.  Shreeve: 

As  a  result  of  all  the  remarks,  I  think  if  anything  can  be  done,  (-and  I  would 
like  to  thank  Professor  Kantrowitz  for  suggesting  it-)  it  is  to  perhaps  get 

together  a  committee  as  soon  as  possible  and  have  them  sign  a  letter . 

summarizing  the  conclusions  of  this  workshop.  It  might  serve  a 
useful  purpose. 

I  appreciate  all  the  thanks  people  have  given  to  me,  I  would  like  in  turn 
to  thank  Jack  (King),  Mike  (Odell),  Ray  (Phillips)  and  Michelle  (Rigterink), 
who  have  done  a  lot  of  the  work,  and  Atul  (Mar.hur),  particularly.  Atul  did 
all  the  work  setting  this  workshop  up.  1  just  started  off  the  idea,  he 
basically  handled  it.  As  for  my  own  thanks  I  am  just  trying  to  do  my  job.  I 
work  for  the  government  and  it  is  the  intent  at  the  moment  to  try  to  look  for 
areas  in  which  there  is  a  pay  off.  We  did  this  initially  at  DARPA'S 
instigation  and  we  will  be  meeting  with  the  DARPA  people  tomorrow.  I  don’t 
think  the  workshop  was  wasted  in  that  respect,  because  in  what  happens 
tomorrow  in  talking  to  DARPA,  they  will  be  informed.  I  think  the  workshop  has 
certainly  done  that  much. 

I  think  that  some  project  that  will  work  is  needed.  I  seriously  mean  a 
project  that  will  work.  If  there  is  going  to  be  a  project  with  a  wave  rotor 
in  it,  funded  through  prototype  now,  it  has  got  to  be  successful.  Otherwise, 
20  more  years  may  elapse;  that's  the  status.  The  wave  rotor  concept  has  been 
around  a  long  time,  and  I  think  the  way  it  is  done  next  time  has  to  work.  So 
it  must  not  be  a  go-no  go  kind  of  ambitious  program;  it's  got  to  be  phased, 
planned  and  it  has  got  to  be  supported  through  a  logical  series  of  steps. 

I  would  like  to  thank  Professor  Kantrowitz  for  coming  out  and  attending 
the  meeting  and  giving  us  a  very  welcome  address,  a  very  good  set  of 
suggestions  and  interacting  with  everybody.  And  to  Max  Berchtold  who  has  put 
in  a  very  vuluable  contribution  and  has  come  a  long  way  to  do  It, -thank  you. 
Also  Ron  Pearson,  Ron  I  know  you  are  what  you  are,  a  star;  thank  you  very  much 
for  all  your  input.  We  haven't  had  it  ail  yet  I  know.  And  tnank  you  to  all 
the  presenters.  The  meeting  was  very  stimulating  for  me,  ic  pulled  people  from 
all  parts  of  the  world,  some  of  whom  I  knew,  some  I  didn't  and  the  composite 
was  very  well  worth  while,  l  thank  everyone  for  coming  to  listen,  both  the 
industry  and  government  people. 

If  nohody  lias  any  more  remarks  .....  I  declare  the  workshop  adjourned. 
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REMARKS  ON  THE  APPLICABILITY  OF  COMPUTATIONAL  FLUID 
DYNAMICS  TO  WAVE-ROTOR  TECHNOLOGY 


by 

D  Brian  Spalding 

Computational  Fluid  Dynamics  Ucit 
Imperial  College 
February  1985 


Despite  the  enthusiasm  and  inventiveness  of  a  large  number  of 
talented  individuals,  sometimes  backed  by  considerable  Industrial 
resources.  wave-rotor  devices  (also  known  as  'pressure 
exchangers',  and.  developed  by  Brown  Boveri.  as  'comprexes') 
have  achieved  remarkably  little  commercial  success. 

What  Is  the  reason  for  this?  Are  such  devices  basically  Inferior  to 
their  competitors?  Or  have  their  possibilities  not  yet  been  properly 
evaluated? 

in  the  view  of  the  present  writer,  there  still  remain  good  prospects 
for  commercial  success:  but  this  will  come  only  when 

as-yot-unexplored  geometrical  and  operational  possibilities  are 
systematicaily  investigated . 

For  the  most  pert,  wave- rotor  research  has  concentrated  on 
designs  In  which  the  cells  containing  the  working  fluid  are  wrapped 
around  cylindrical  surfaces,  and  have  cross-sectionai  areas  which 
are  uniform  along  their  length.  The  patent  literature  shows 
examples  of  celts  on  conical  and  other  surfaces,  with  variations  of 
cross-section,  end  with  a  variety  of  curvatures  applied  to  the  ceil 
walls.  However,  there  has  been  little  systematic  investigation  of 
these  possibilities  by  practical  experiment. 

Theoretical  analyses  of  wave-rotor  performance  have  been  based, 
perhaps  exclusively,  on  ono-dtmenslooal  analyses,  often  those  of 
the  'characteristics’  type,  which  leave  out  of  account  the  effects  of 
heat  transfer,  friction,  etc.  Therefore,  whether  the  changes  In 
geometry  envisaged  by  inventors  would  actually  Improve  the 
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performance,  and  if  so  by  how  much,  are  not  known. 

The  present  writer  was  associated  with  the  research  on  pressure 
exchangers,  as  they  were  calied  by  the  team  with  which  he  was 
working,  in  the  late  1950's  and  early  1960's.  The  project  in 
question  had  been  initiated  by  Mr  G  Jendrasstk.  in  associated  with 
Power  Jets  Limited  of  London.  When  Mr  Jendrassik  died 

prematurely,  the  present  author  was  hired  by  Power  Jets  to  persist 
with  the  theoretical  developments,  in  charge  of  the  work  on  the 
Power  Jet  side  was  Mr  J  Hodge,  followed  by  Mr  J  E  Barnes;  and 
experimental  work  was  conducted  at  Ricardo’s  Limited.  In  those 
days,  the  experimental  approach  was  the  only  practical  one;  and 
a  program  was  set  up  In  which  some  of  the  geometrical  variables 
would  be  systematically  varied,  and  the  corresponding  performance 
changes  observed.  However,  although  the  first  results  were 
extremely  promising,  improving  them  was  found  to  be  difficult; 
and  the  project  was  abandoned  because  funds  ran  out. 
Computers,  and  computational  procedures,  were  too  little 
developed  for  any  extensive  theoretical  analysis  to  be  made, 
although  the  writer's  students  did.  at  Imperial  College 
subsequently,  continue  with  research  of  that  kind. 

Interpretation  of  the  experimental  results  showed  one  thing  very 
clearly,  the  flow  was  not  one-dimensional.  Departures  from  the 
behaviour  postulated  by  the  theoretical  analysis  were  caused  by 
several  factors  Including:  - 

1.  friction  and  heat  transfer  at  the  cell  walls; 

2.  non-uniformities  of  flow  across  the  cell  cross-section  while 
the  ends  of  the  cells  were  passing  the  entry  and  exit  ports; 
and 

3.  the  tendency  of  the  centrifugal  forces  operating  on  the  gases 
in  the  cell  to  Cciuse  heavy  cold  gas  to  go  to  the  outside 
while  hot  light  gas  went  to  the  inside. 

In  the  writer's  opinion,  it  Is  the  latter  effect  which  was  most 
productive  of  poor  performance,  and  It  Is  one  which  has  been 
partially  remedied  by  the  introduction  of  cells  which  have  radial 
sub-dlvislons. 

No  investigations  were  made  by  the  Power-Jets  team  of 
non-cyllndrlcal  rotors,  or  of  blades  with  curvature. 

Computational  fluid  dynamics  has  now  advanced  to  the  point  at 
which  It  becomes  practical  to  Include  in  simulations  of  wave-rotor 
phenomena  all  those  effects  which  were  formerly  omitted  and  which 
proved  so  troublesome,  it  is  now  a  comparatively  easy  matter  to 
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simulate  the  three-dimensional  flow  In  a  wave-rotor  cell,  and  to 
take  account  of  the  body  forces  which  promote  'stratification'  of  the 
hot  and  cold  gases  and  of  the  turbulent-mixing  effects  which  tend 
to  oppose  such  stratification.  The  non-unlformltles  of  flow 
resulting  from  the  gradual  opening  of  the  ports  can  be  accounted 
for;  it  is  also  possible  to  introduce  the  effects  of  using  cells  of 
varying  cross-sectional  area,  and  the  Influence  of  having  them 
wrapped  on  an  arbitrary  body  of  revolution  rather  than  a  cylinder. 

In  the  opinion  of  the  present  writer,  therefore.  It  is  desirable  that 
those  who  remain  Interested  in  wave-rotor  research  should  adopt 
the  computer  simulator  as  the  main  means  by  which  they  will 
conduct  their  Investigations,  and  will  resort  to  experimental 
confirmation  only  when  the  computer  has  Indicated  where 
performance  is  likely  to  be  especially  good,  or  where  phenomena 
of  interest  are  likely  to  be  especially  easily  detected. 

There  is  no  need  for  anyone  wishing  to  perform  this  work  to  begin 
constructing  a  computer  code  especially  for  the  purpose.  The 
PHOENICS  Computer  Code,  with  which  the  present  writer  is 
associated,  is  capable  of  doing  the  Job  very  well;  and  the 
investigator  will  have  only  to  introduce  the  Initial  and  boundary 
conditions  which  concern  him.  and  then,  when  he  has  exhausted 
the  possibilities  of  the  existing  turbulence  models,  to  make 
modifications  in  that  particular  area.  Otherwise,  all  he  needs  Is  a 
computer,  and  the  ability  to  operate  it  for  long  periods  of  time  In 
order  that  performance  trends,  and  other  Interesting  features  ol 
the  simulation,  can  be  detected. 

This  program  Is  available  on  a  royalty-  and  licence-free  basis  to 
academic  researchers;  and  the  present  writer  would  be 
particularly  pleased  If  he  could  supply  copies  to  those  who  wanted 
to  use  it  for  investigating  the  stiil-lnsufilclentty  explored  possibilities 
of  wave-rotor  machines. 
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ONK/NAVAIR  SPONSORED 

WAVE  KOTOR  RESEARCH  &  TECHNOLOGY  WORKSHOP 


LOCATION:  INGERSOLL  HALL  KM  122  CHAIRMAN: 

NAVAL  POSTGRADUATE  SCHOOL 
MONTEREY,  CALIFORNIA 


Tuesday  26th  March 


0730  REGISTRATION  (COFFEE  &  DONUTS) 
0830  WELCOME 

0640  OPENING  ADDRESS 


0910-1200  SESSION  1  -  PRESSURE  EXCHANGERS 


"The  Pressure  Exchanger;  An 
Introduction,  Including  a 
Review  of  the  work  of  Power 
Jets  (R&D)  Ltd". 

The  Comp rex 


The  Gas  Dynamics  of  Pressure 
Wave  Superchargers 

The  MSNW  Energy  Exchanger 
Research  Program 


1400-1700  SESSION  2  -  WAVE  ENGINES 

A  Gas  Wave-Turbine  Engine  which 
Developed  35  HP  and  Performed  over 
a  6:1  Speed  Range 

A  Brief  Review  of  the  G,  E, 

Wave  Engine  Program  of  1958-63 

Studies  and  Rig  Tests  of  a  Wave 
Rotor  for  a  Helicopter  Engine. 

Comparison  of  Wave  and  Steady 
Flow  Machines 

The  General  Power  Corporation 
Engine  Program 


R.  P.  SHREEVE 
(408)  o4o-2593 


INGERS0L  HALL  122 

M.  F.  PLATZER 

NAVAL  POSTGRADUATE  SCHOOL 

A.  KANTROWITZ 
Dartmouth  College 


J.  Kentfield 
University  of  Calgary 


M.  BKRCHT0LD 

Swiss  Federal  Institute 

L.  MATTHEWS 
Brown-Boveri  Ltd. 

W.  J.  THAYER 

Spectra  Technology  Inc. 


R.  PEARSON 

Univ.  of  Bath,  U.K. 


A.  MATHUR 
NPS/Exotech  Inc. 

R.  R,  Moritt 
Rolls-Royce  Ltd. 

H.  E.  WEBER 

San  Diego  State  University 

M.  BERCHTOLD/H.  E.  WEBER 
Swiss  Federal  Institute 
San  Diego  State  University 
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1713-1900  SOCIAL  HOUR 


Del  Monte  Roots,  Herrmann  Hall 

Wednesday  27th  March 

0730  (Coffee  and  Donuts) 

0800-1600  SESSION  3  -  RESEARCH  AND  APPLICATIONS  STUDIES 

A.  Mathur,  Naval  Postgraduate  School  (Exotech  Inc). 

Design  and  Experimental  Verification  of  Wave  Rotor  Cycles 

S.  Eidelman,  Naval  Postgraduate  School  (SAI,  Inc). 

Gradual  Opening  of  Axial  and  Skewed  Passages  In  Wave  Rotors. 

D.  G.  Wilson,  Massachusetts  Institute  of  Technology 

Potential  for  Use  of  Uave-Rotor  Technology  to  Appproach  Constant-Volume 
Cor.Dustion  tor  Gas-Turbine  Lncines. 


N,  Zubatov,  Purdue  University 

Application  of  Wave  Energy  Exchanger  to  Industrial  &  Energy  Systems. 

W.  Kostaf inski,  NASA  Lewis  Research  Center 

Comparison  of  the  Wave-Rotor-Auirmented  to  the  Detonation-Wave-Augroented  Gas 
Iurbi ne . 


1130-1313  LUNCH 


M.  Berchtold,  Swiss  Federal  Institute,  Zurich 

The  Connrex  as  a  Topping  Spool  in  a  Gas  Turbina  Engine  For  Cruise  Missile 
Propulsion. 

R.  Taussig,  Spectra  Technology  Incorporated 
Wave  Rotor  Turbofan  Engines  for  Aircraft. 

R.  Pearson,  University  of  hath 

Performance  Predictions  for  Gas  Turbine-Wave  Engines  Including  Practical 
Cycles  witn  Wide  Sneed  Range. 


1443-DISCUSSION  SESSION 


Opportunity  for  questions  and  for  the  expression  of  opinions  and 
recommendations. 


1600  (APPROX)  CLOSING  REMARKS  6  ADJOURNMENT 


NOTES  A  VISIT  TO  THE  TURBOPROPULSION  LABORATORY  WILL  BE  AVAILABLE  ON  REQUEST 
FOLLOWING  ADJOURNMENT. 

CONFERENCE  PHONE  &  MESSAGE  CENTER  (408)  646-2362 
ARRANGEMENTS-  ATUL  MATHUR,  MICHELLE  RIfiTERINK 
POST  CONFERENCE  PHONE  (408)  646-2163 
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